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ABSTRACT 
 The integration of chemosensory cues regulates the expression of courtship 
behaviors in estrous female mice. Previous investigators showed that surgical destruction 
of different segments of the accessory olfactory system (AOS) (including the 
vomeronasal organ (VNO), accessory olfactory bulb (AOB) and medial amygdala (Me)) 
decreased females’ motivation to investigate male chemosensory cues and display 
lordosis, a reflexive arched-back posture, shown in response to male mounts. This thesis 
further examined the role of the AOS in female courtship behavior by reversibly 
disrupting AOS function using optogenetic and pharmacogenetic methods, and by 
experimentally stimulating the AOS using male chemosignals.  
Sexually naïve estrous female mice initially show low levels of lordosis; however, 
their performance improves with repeated testing. In Experiment 1, repeated pre-
exposure of estrous female mice to male pheromones known to activate the AOS failed to 
augment the expression of lordosis but did increase the time females spent holding the 
lordosis posture.  Pre-test exposure to male pheromones also increased the time that 
estrous females spent investigating the male. In Experiment 2, optogenetic silencing of 
		 vi 
the AOB neurons projecting to the Me reduced the expression of lordosis in sexually 
experienced estrous females, indicating that continuous AOS signaling is required for full 
expression of this behavior.  In Experiment 3, a pharmacogenetic method (DREADD) 
was used to reversibly silence Me neurons, first in sexually naive and then in sexually 
experienced estrous females.  DREADD-induced silencing of Me neurons reduced 
females’ preference to investigate male urinary chemosensory cues and greatly attenuated 
the progressive increase in lordosis otherwise observed in control females after repeated 
testing with a male. DREADD-induced silencing of the Me failed to significantly disrupt 
lordosis after females had received mating experience; however, the withdrawal of this 
experimental inhibition of Me signaling did significantly augment females’ investigation 
of the male’s body.   
 My results provide a new insight into the contribution of the AOS chemosensory 
signaling pathway by establishing its essential, ongoing role in the preference of estrous 
females to seek out male pheromones and to display receptive lordosis behavior. 	
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General Introduction 
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Olfaction is the major sensory modality through which many different species 
gather information about predators, conspecifics and their environment. Chemical cues 
released by conspecifics are known as pheromones, and the detection of these cues causes 
innate behavioral and neuroendocrine changes in the receiving animal (Brennan and 
Zufall, 2006). In rodents, pheromone processing occurs through both the accessory 
olfactory system (AOS) and the main olfactory system (MOS) (Baum and Cherry, 2015). 
Previous lesion studies have highlighted the importance of accessory olfactory system 
function in female reproductive success by showing that damage at different points in the 
system reduced the expression of a receptive posture known as lordosis as well as interest 
to investigate opposite sex chemosensory cues (DiBenedictis et al., 2012; Keller et al., 
2006b; Martel and Baum, 2009a). Lesion studies cause permanent irreversible damage to 
the brain tissue, so it cannot be determined from these studies exactly when in the mating 
sequence (either during paracopulatory approach behavior or receptive behavior) the 
function of the accessory olfactory system is most critical. It is currently unknown when 
in the rodent mating sequence input from accessory olfactory system, either through the 
activity of accessory olfactory bulb neurons themselves or their downstream targets, is 
required for successful mating. The purpose of this thesis is to further elucidate the role 
of the accessory olfactory system in female rodent reproduction by creating reversible 
“lesions” or by experimentally increasing the pheromonal input to the olfactory system 
through a combination of natural odor stimuli, optogenetics and pharmacogenetic 
techniques.  
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THE ACCESSORY OLFACTORY SYSTEM 
Processing of non-volatile, high molecular weight, chemosensory cues occurs in the 
accessory olfactory system (AOS) in rodents. Non-volatile chemosensory cues activate 
G-protein-coupled receptors (GPCRs) located on vomeronasal sensory neurons (VSNs) 
in the vomeronasal organ (VNO). The VNO, a paired tubular structure located in the roof 
the mouth, expresses two families of vomeronasal receptor (VRs) genes (Doving and 
Trotier, 1998). One gene family, V1R, is differentially expressed in the apical layer of the 
VNO in VSNs that co-express the G-protein coupled receptor Gi2α (Dulac and Axel, 
1995). The other gene family, V2R, is expressed in VSNs specifically located in the basal 
layer of the VNO and is co-expressed with Goα-proteins (Ryba and Tirindelli, 1997). 
There is a sex difference in the expression of specific V2Rs in the basal layer of the 
VNO.  Gonadectomized males (therefore having no circulating hormones) showed higher 
expression of these specific receptors compared to gonadectomized females. Treatment 
with 17β-estradiol down-regulated the expression of these V2Rs in gonadectomized 
males compared to females (Alekseyenko et al., 2006). Estradiol has also been shown to 
modulate the odor induced responses of vomeronasal sensory neurons in mice (Cherian et 
al., 2014).  
VSNs expressing either V1R or V2R project differentially from the VNO to the 
accessory olfactory bulb (AOB). The anterior AOB receives VSN projections from the 
apical layer of the VNO (V1R expressing neurons) while the posterior region of the AOB 
receives projections from the V2R expressing neurons (Jia and Halpern, 1996). Within 
these regions,  glomeruli in the AOB recieve input from multiple VSNs that express 
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similar vomeronasal receptors (Wagner et al., 2006). These VSNs synapse on excitatory 
projection neurons called mitral and tufted cells (M/T) in the AOB.  M/T cell activity is 
modulated by reciprocal dendrodendritic synapses with granule cell interneurons of the 
AOB. Active M/T cells release glutamate onto the graule cells, which causes feedback 
inhibition when the granule cells release GABA onto the mitral cells (Taniguchi et al., 
2013).  Electrophysiological recordings of M/T cells in awake behaving mice showed 
that these cells were only activated after subjects made direct physical contact with the 
body of a stimulus animal  allowing for the detection of non-volatle chemosensory cues 
(Luo et al., 2003). 
M/T cell projections from the AOB relay olfactory information to forebrain regions 
that make up the “vomeronasal amygdala,” including the medial amygdala (Me), the bed 
nucleus of the stria terminalis (BNST), and the posteromedial cortical amygdala (PMCO) 
(Kevetter and Winans, 1981a; Scalia and Winans, 1975) (Figure 1.1). The 
anterior/posterior segregation of olfactory information that is present in the AOB is not 
maintained in the M/T projections to the “vomeronasal amygdala” where overlapping 
M/T projections from both AOB regions are observed throughout both the Me and 
PMCO (Salazar and Brennan, 2001). The Me is an important chemosensory integration 
area in the rodent brain, sending projections to multiple forebrain regions including the 
basolateral amygdala (BLA), the piriform cortex (Pir), the BNST and hypothalamic 
nuclei such as the medial preoptic area (MPA) and the ventromedial hypothalamus 
(VMH) (Choi et al., 2005; DiBenedictis et al., 2014; Pardo-Bellver et al., 2012) These 
hypothalamic nuclei are critical for the expression of reproductive behaviors in rodents 
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(Simerly, 2002). The Me and BNST also send centrifugal projections back to the AOB 
(Fan and Luo, 2009; Martel and Baum, 2009b).  
 Male mouse urine and exocrine secretions contain several putative reproductive 
pheromones that are attractive to female mice and can be detected by the AOS. 
Ovariectomized female mice treated with the estradiol benzoate (EB) showed 
significantly higher expression of the immediate early gene (IEG) c-Fos in the VNO after 
exposure to male soiled bedding compared to castrated EB treated males (Halem et al., 
1999).  Measuring IEG expression is a common technique to determine neuron responses 
after exposure to different stimuli. IEGs are nuclear proto-oncogenes that are upregulated 
very rapidly when a neuron is activated in response to stimulation and 
immunohistochemistry (IHC) techniques can be used to identify neurons that specific 
stimuli  activate (Halpern and Martinez-Marcos, 2003). There is also a sexually 
dimorphic response to exposure to male urine after direct application on the nose (which 
ensures exposure to both the volatile and non-volatile components of the stimuli) in the 
AOB M/T cells that project to the Me where EB treated females showed a significantly 
higher number of CTB/c-Fos positive neurons in the AOB than males (Kang et al., 2006). 
Male urine applied directly to the nose of female mice or exposure to male soiled bedding 
increased the expression of the c-Fos in the MPA, BNST, VMHvl (the ventrolateral 
portion of the ventromedial hypothalamus) and the Me of EB treated females compared 
to females exposed to estrous female urine (Brock et al., 2012; Halem et al., 1999). 
Exposing female mice to the urine of dominant males by direct application to the nose 
also increased c-Fos expression in portions of the accessory olfactory pathway, including 
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the Me and BNST, while subordinate male urine exposure increased c-Fos expression in 
piriform cortex (Pir), a major component of the main olfactory pathway (Veyrac et al., 
2011).  
Many different chemicals in mouse urinary or exocrine secretions have been 
identified that activate that the AOS and cause behavioral changes in mice. For example, 
exposure of recently mated females to odors from an unfamiliar male resulted in 
termination of pregnancy. This phenomenon is known as pregnancy block or the Bruce 
Effect (Bruce, 1959). The VSN-mediated detection of one class of peptides found in 
mouse urine called major histocompatibility complex molecules (MHC) has been shown 
to modulate pregnancy block in female mice (Leinders-Zufall et al., 2004). These 
peptides vary between individuals and carry information about the genetic identity of the 
source. Exocrine-gland secreting peptide 1 (ESP1), which is secreted from the 
extraorbital lacrimal gland (ELG) of males, is another non-volatile pheromone that 
specifically activates V2R-expressing VSNs in female mice (Kimoto et al., 2005; Kimoto 
et al., 2007). Exposure to ESP1 induced increased c-Fos expression in parts of the AOS 
that are important for female reproduction, including the Me (Haga et al., 2010). 
Exposure to ESP1 also increased male-male aggression via the V2Rp5 receptor in the 
VNO (Hattori et al., 2016). Two additional compounds secreted from the male preputial 
gland, hexadecanol and hexadecyl acetate, increased the attractiveness of castrated male 
urine to females only when females had a functioning VNO (Zhang et al., 2008). VSNs in 
both males and females are responsive to sulfated steroids which are also found in mouse 
urine and are thought to be secreted in response to stress (Nodari et al., 2008). Sulfated 
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estrogens from estrous female urine activated V1Rs in both the male and female VNO 
and the detection of these compounds increased mounting behavior in sexually naïve 
male mice (Haga-Yamanaka et al., 2014). 
Major urinary proteins (MUPS) are lipocalins (proteins that bind to other small 
molecules to help transport across the nasal mucus) and are found in high concentrations 
in male urine (Hurst et al., 1998). MUPs bind to V2R vomeronasal receptors in male 
mice which resulted in increased aggressive interactions between conspecifics (Chamero 
et al., 2007). MUP homologs released from predators are also detected through the VNO 
and  promote avoidance behaviors in mice provided that VNO function is intact (Papes et 
al., 2010). The urine of socially dominant males contains more MUPs then the urine of 
subordinate males (Guo et al., 2015), which could contribute to the preference in female 
mice for urine from dominant males compared to subordinates. Exposure to another MUP 
isolated from male urine, Darcin (MUP20), increased the attractiveness of male urine to 
female mice (Roberts et al., 2010) and female mice exposed to Darcin developed a 
conditioned place preference (CPP) for the area of the cage associated with this molecule 
even in the absence of other scent or urinary cues (Roberts et al., 2012). Interestingly, in 
lactating females, attacks directed towards castrated male intruders were significantly 
increased when the intruders were swabbed on the neck and anogenital region with 
Darcin compared to saline, indicating that exposure to this MUP induced different 
behavioral responses depending on the reproductive state of the female (Martin-Sanchez 
et al., 2015). 
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THE MAIN OLFACTORY SYSTEM 
Volatile, low molecular weight odor molecules are first detected by the main 
olfactory system (MOS). Odorant receptors (ORs) that detect these cues are found on 
bipolar olfactory sensory neurons (OSNs) in the main olfactory epithelium (MOE), which 
is located in the nasal cavity. In mice there are approximately 1,000 different ORs genes 
that can be expressed with GPCRs in the OSNs (Buck and Axel, 1991). Only one 
functional OR gene is expressed in each OSN (Chess et al., 1994), and the expression of 
each gene is limited to specific regions within the MOE (Ressler et al., 1993). These ORs 
are coupled with either Golf  (Jones and Reed, 1989) or Gi12 (Wekesa and Anholt, 1999) 
proteins that mediate the signal transduction cascade to generate action potentials in the 
OSN. Trace amine-associated receptors (TAARs) are a novel class of olfactory receptors 
found in the MOE of mice that are activated by biogenic amines such as isoamylamine 
and trimethylamine (Liberles, 2015). These compounds are found in differing 
concentrations in male and female urine and can regulate attraction to urinary cues 
(Liberles, 2009; Liberles and Buck, 2006). Trace amine-amine-associated receptor 5 
(TARR5) is one specific TARR receptor that detects trimethylamine, and studies have 
shown that mice where this receptor has been made non-functional show decreased 
preference for mouse urinary cues (Li et al., 2013). 
OSNs expressing the same OR gene send axonal projections specifically to only two 
mirror glomeruli (out of almost 2,000) in the main olfactory bulb (MOB), which allows 
for specific odorants to cause the activation of discrete glomeruli that can be mapped and 
categorized within the MOB (Mombaerts et al., 1996; Ressler et al., 1993). Glomeruli are 
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spherical neuropils where OSN projections form excitatory synapses with the dendrites of 
M/T cells, the projection neurons of the MOB (Mori et al., 1999). The arrangement of 
ORs along the dorsomedial/ventrolateral axis of the MOE correlates strongly with the 
dorsal/ventral location of glomeruli that these specific ORs project to in the MOB which 
also allows for specific categorization of odorant responses in the MOB (Miyamichi et 
al., 2005). Within the MOB, there are multiple other cell types that also serve to modulate 
the original OSN olfactory input before it is sent to other forebrain regions. A population 
of local interneurons called granule cells modulate and sharpen the output of M/T cells 
through lateral inhibition. Dendrodendritic synapses onto granule cells from M/T cells 
that are strongly activated by a stimulus cause inhibition of surrounding more weakly 
activated M/T cells (Mori et al., 1999; Yokoi et al., 1995). An additional group of cells in 
the MOB that also serve to modulate mitral cell activity are the juxtaglomerular cells 
(JG), which include periglomerular cells (PG), external tufted cells (ET) and short axon 
(SA) cells. Rhythmically bursting ET cells form glutamatergic synapses with other cells 
to modulate the output of glomeruli in the MOB (Hayar et al., 2004; Liu and Shipley, 
2008). PG and SA cells mediate center-surround inhibition of glomeruli via an 
interconnected interglomerular network of neurons. SA cells in the MOB excite 
inhibitory γ-animobutyric acid (GABA) expressing PG cells which in turn inhibit 
surrounding mitral cells (Aungst et al., 2003).  
M/T cell projections along the lateral olfactory tract (LOT) carry olfactory 
information to areas in the olfactory cortex including the piriform cortex (Pir), the 
anterior olfactory nucleus (AON), the entorhinal cortex (Ent) and the olfactory tubercle 
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(OT), as well as amygdaloid regions including the posterolateral cortical amygdala 
(PLCo) and the anterior cortical amygdala (ACo) which make up the traditional 
“olfactory amygdala”  (Kevetter and Winans, 1981b; Scalia and Winans, 1975) (Figure 
1.1).  
Volatile chemosensory cues also act as pheromones in mice and activate neurons in 
the MOB. Analysis of c-Fos expression in MOB glomeruli of ovariectomized female 
mice showed that there are spatially distinct regions of activity in the MOB when females 
are exposed to same vs opposite sex urinary volatiles (Martel and Baum, 2007). Two 
testosterone-dependent volatile urinary compounds found in male urine, dehydro-exo-
brevicomin (DHB) and 2-sec-butyl-4,5-dihydrothiazole (SBT), increased male aggression 
when introduced into castrated male urine (Novotny et al., 1985).  These same volatile 
compounds also promoted the induction of estrous and the synchronization of the estrous 
cycles of group housed female mice (Jemiolo et al., 1986).  MTMT 
((methylio)methanethiol), a putative male pheromone, is another volatile component of 
male urine that increased the attractiveness of a male mice to females. Electrophysiology 
experiments showed that exposure to MTMT resulted in increased activity in MOB mitral 
cells of female mice (Lin et al., 2005). Another putative pheromone that activates both 
the AOS and the MOS found in mouse urine is 2-heptanone (Leinders-Zufall et al., 
2000). 
Different regions of the MOB are activated in response to chemosensory cues from 
different sources. The dorsal region of the MOB detects chemosensory cues from 
predators. Ablation of OSNs projecting to this region eliminated the innate avoidance 
		
11 
response to predator odors normally observed in mice (Kobayakawa et al., 2007), while 
reproductive chemosensory cues are detected more in the ventral portion of the MOB. In 
female mice, exposure to male urinary volatiles caused strong neuron activation in the 
ventral MOB that can be detected by fMRI scanning (Xu et al., 2005). M/T cells in the 
ventral MOB also project directly to the Me in rats (Pro-Sistiaga et al., 2007) and mice 
(Kang et al., 2011a). Retrograde injections of cholera toxin B (CTB) in the Me of both 
male and female mice labeled these Me projecting M/T cells in the ventral MOB. These 
labeled M/T cells showed increased c-Fos responses to volatile urinary odors, indicating 
that they are sending information about volatile pheromonal cues to the Me (Kang et al., 
2009; Kang et al., 2011b). Additionally, a population of glomeruli in the ventral MOB 
that receive axonal projections from OSNs expressing the transient receptor potential 
channel M5 (TRPM5) also expressed c-Fos after exposure to MTMT (Lin et al., 2007). 
The glomeruli that are innervated by TRPM5 expressing OSNs send direct projections to 
the Me (Thompson et al., 2012). It has also been shown that OSNs belonging to the 
OR37 subfamily project to glomeruli in the ventral MOB and that these glomeruli send 
M/T cell projections to the medial amygdala (Bader et al., 2012a; Bader et al., 2012b). 
Non-volatile MHC peptides are also detected by OSNs in the MOE. MHC peptides 
activate a subset of OSNs that express the cyclic nucleotide gated channel A2 (CNGA2). 
Knockout animals for this channel show reduced investigation direct towards MHC 
peptides of different mouse strains, but there is no change in investigation in mice with 
surgical removal of the VNO, which further indicates that the MOE can detect MHC 
peptides (Spehr et al., 2006).  
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SOCIAL BEHAVIOR AND OLFACTION IN FEMALES  
Female mice prefer to approach and investigate urine from testis intact males (Scott 
and Pfaff, 1970), and this motivation to approach chemosensory cues from males is 
important to facilitate successful mating. Ovariectomized, odor naïve female mice (those 
that have never encountered a male mouse or male odors) prefer to investigate non-
volatile chemosensory cues from males compared to females even in the absence of any 
circulating gonadal sex hormones (Moncho-Bogani et al., 2004). Ovary intact female rats 
also prefer to investigate chemosensory cues from males in the absence of any prior 
mating or chemosensory experience. Exposure to male soiled bedding increased the 
release of dopamine into the nucleus accumbens shell and core in these female rats 
(Sánchez-Catalán et al., 2017). In females, the AOS is critical for the motivation to 
approach and investigate opposite sex odors. Sexually naïve female mice that have 
undergone surgical removal of the VNO were able to discriminate sex and endocrine 
status of conspecifics from volatile pheromones; however, they no longer showed a 
preference for opposite sex non-volatile odorants (Keller et al., 2006b). Similar results 
were observed in female hamsters (Petrulis et al., 1999) and ferrets (Woodley et al., 
2004) where female subjects’ preference for volatile male compared to female 
chemosignals remained after surgical removal of the VNO. This indicates that a 
functional MOE is sufficient to detect volatile chemosensory cues. Electrolytic lesions to 
the AOB in females also disrupted the preference for opposite sex non-volatile urinary 
odors (Martel and Baum, 2009a; Martinez-Ricos et al., 2008). Electrolytic lesions that 
included the posterior portion of the Me decreased the preference of hormone primed, 
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sexually naïve female mice to investigate both volatile and non-volatile testis-intact male 
urinary cues compared to castrated male urinary cues (DiBenedictis et al., 2012). Lesions 
to the Me in female rats also decreased the preference to investigate volatile 
chemosensory cues from testis-intact males compared to castrated males (Kondo and 
Sakuma, 2005). Lesions to the Me in male hamsters also disrupted the preference to 
investigate female odors (Maras and Petrulis, 2006). Taken together the results of these 
experiments highlight the critical role of the AOS in the motivation to seek out opposite 
sex chemosensory cues.  
 A common measure of receptivity in female mice is the lordosis quotient (LQ). 
Lordosis is a reflexive posture held by sexually receptive female mice when they are 
receiving mounts from a stimulus male. During lordosis, females arch their backs and 
brace all four limbs during a mount attempt without trying to move away from the male 
(Bonthuis et al., 2011; DiBenedictis et al., 2012). The LQ is determined by calculating 
the total number of lordosis events per test divided by the total number of mount attempts 
per test multiplied by 100. In mice, the display of lordosis depends both on circulating 
ovarian hormones and repeated testing with a stimulus male. Sexually naïve 
ovariectomized female mice that were hormone primed with estradiol benzoate (EB) 
alone and tested for receptivity in the absence of progesterone (P) two days later failed to 
display lordosis, while those treated with EB and then tested with P showed significantly 
higher LQs (Edwards, 1970). Hormone priming alone with injections of EB followed 2 
days later by injections with P in the absence mating experience was not sufficient to 
increase receptivity in sexually naïve female mice, but repeated testing with a stimulus 
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male in the presence of ovarian hormones resulted in a significant increase in LQ 
compared to baseline (Thompson and Edwards, 1971). Numerous studies have shown 
that sexually naïve ovariectomized female mice initially show low levels of lordosis 
when tested with a stimulus male, but show a progressive improvement in LQ after 
repeated pairings with both a stimulus male and repeated priming with ovarian hormones 
(Bonthuis et al., 2011; Ismail et al., 2011; Laroche et al., 2009a, b; McCarthy et al., 2017; 
Thompson and Edwards, 1971). 
Research into the neural mechanisms underlying the progressive increase in LQ in 
female mice found that treatment of sexually naïve females with sodium butyrate, a 
histone deacetylase inhibitor that regulates gene expression, accelerated the progressive 
improvement in LQ compared to controls. The enhancement of LQ with sodium butyrate 
treatment was not observed in estradiol receptor-alpha (ERα) knockout mice or in mice 
that were only treated with EB and not P (Bonthuis et al., 2011). Other studies have 
shown that exposure to either immune or environmental stressors around the time of 
puberty decreased the rate of the progressive increase in LQ in hormone primed females 
(Laroche et al., 2009a, b). These studies found that mice shipped at 5-6 weeks of age 
(prepubertal animals) showed lower levels of lordosis compared to mice shipped at 12 
weeks of age or those bred in the laboratory while all groups of mice showed a 
progressive increase in LQ with repeated pairings with a stimulus male (Laroche et al., 
2009b). Exposure to bacterial endotoxin lipopolysaccharide (LPS) reduced the expression 
of lordosis in sexually naïve females compared to untreated females, while other 
environmental stressors such as restraint stress and food deprivation had no effect on LQ 
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(Laroche et al., 2009a). These behavioral changes may be due to decreased ERα 
expression in brain regions, such as the VMH, that regulate the expression of female 
receptivity, in response to exposure to stressors during a critical period (Ismail et al., 
2011).  
 The expression of lordosis is dependent on the function of the VNO-AOB 
pathway. Exposure to ESP1, a putative pheromone produced by males that is detected 
solely by the VNO, increased the expression of lordosis in estrous female mice (Haga et 
al., 2010). After surgical removal of the VNO, sexually naïve female mice show 
decreased lordosis in response to male mounting (Keller et al., 2006b). Electrolytic 
lesions to the AOB also decreased the expression of lordosis in estrous females (Martel 
and Baum, 2009a). These behavioral deficits in receptivity after disruption of the VNO-
AOB pathway were also observed in hamsters (Mackay-Sim and Rose, 1986) and rats 
(Guarraci et al., 2004; Kondo and Sakuma, 2005). In male mice, VNO removal had no 
effect on copulatory behavior (Pankevich et al., 2006). Lesions to other parts of the AOS 
also impacted the display of receptive behavior in females. Electrolytic lesions that 
included either the posterior or anterior portions of the Me resulted in decreased 
expression of lordosis in sexually naïve estrous female mice (DiBenedictis et al., 2012). 
There is evidence in hamsters that lesions to the Me actually increased the duration of 
time females spend in lordosis (Takahashi and Gladstone, 1988), indicating that there 
might be a species difference in the response to Me lesions in females. 
 While traditionally the AOS and MOS pathways were thought of as totally 
distinct sensory processing pathways, recent research has shown that there is significant 
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structural and functional overlap between the two systems in rodents. As discussed 
previously (see “The Main Olfactory System” section for more details), both the AOB 
and the MOB send direct axonal projections to the Me in multiple species, including rats 
(Pro-Sistiaga et al., 2007), mice (Kang et al., 2011a) and sheep (Jansen et al., 1998). In 
both male and female mice, these MOB-Me projecting neurons show increased c-Fos 
activity in response to conspecific urinary chemosensory cues indicating that cues 
detected via the MOB have a direct pathway to the “vomeronasal amygdala” and 
subsequent forebrain areas involved in reproduction (Kang et al., 2009; Kang et al., 
2011b). A recent study has also found a population of mitral cells in the anterior AOB 
that send axon collaterals to the dorsal MOB in rats (Vargas-Barroso et al., 2015). 
Functionally, exposure to opposite sex urinary volatiles in gonadectomized males and 
females increased c-Fos expression in the AOB, which was thought to be activated only 
by non-volatile cues, compared to same sex volatiles (Martel and Baum, 2007). MOE 
input can be eliminated by zinc sulfate (ZnSO4) injections into the nasal cavities of mice 
causing the ablation of OSNs (McBride et al., 2003). In male rats, both zinc sulfate 
lesions of the MOE and surgical removal of the VNO decreased c-Fos expression in the 
granule and M/T cells of the AOB as well the Me and the MPA (structures in the 
vomeronasal amygdala) after exposure to opposite sex volatiles (Dhungel et al., 2011). 
Disruption of the MOS also impacts both odor investigation and receptive behavior in 
females. MOE lesioned females cannot discriminate the endocrine status of opposite sex 
conspecifics when presented with either volatile or non-volatile cues and they also 
showed decreased lordosis behavior (Keller et al., 2006a). In ovariectomized female 
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ferrets treated with estradiol bilateral nares occlusion (blocking of the nasal passages to 
prevent odors from activating the MOE) eliminated the preference to approach and 
investigate opposite sex chemosensory cues in both sexually naïve and experienced 
subjects (Kelliher and Baum, 2001).  
 
THE MEDIAL AMYGDALA 
The Me receives direct axonal projections from M/T cells of both the AOB and 
the MOB making this region the first site of convergence in the rodent brain for olfactory 
information from both the AOS and the MOS (Kang et al., 2009, 2011a; Mohedano-
Moriano et al., 2012; Pro-Sistiaga et al., 2007). The Me can be divided in to three sub-
regions, the anterior Me (MeA), the posterior dorsal Me (MePD) and the posterior ventral 
Me (MePV). Both the MeA and the MePD receive direct projections from the MOB and 
the AOB, while the MePV only receives projections from the AOB (Cadiz-Moretti et al., 
2016). These sub-regions also differentially respond to a range of pheromonal cues. The 
expression of IEGs in the MeP in male mice is increased specifically in response to urine 
from conspecifics or predator odors, while the MeA showed a more generalized increase 
in IEG expression in response to cues from conspecifics, predators and from species of 
less biological significance to mice, such as hamsters (Samuelsen and Meredith, 2009). In 
addition to responding to different types of chemosensory cues, the sub-regions of the Me 
also receive differing amounts of chemosensory input from the AOS and MOS and 
contain different amounts of steroid hormone receptors. The MeA receives the majority 
of chemosensory inputs from the AOS and the MOS, while the MeP contains a 
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significantly higher density of androgen and estrogen receptors (Newman, 1999). 
Castrated male hamsters will not mount a receptive female; however, copulatory behavior 
can be restored by delivering the androgen testosterone (T) directly into the MeP but not 
by delivering T directly to the MeA (Wood and Newman, 1995).  
The pattern of projections from different regions of the Me to other forebrain areas 
also varies according to both the forebrain areas receiving projections and the 
neurochemical properties of the projections. While the MeA sends efferent projections to 
many different olfactory regions, the majority of the MeP projections are sent to regions 
such as the BNST and MPA that also contain a high density of steroid hormone receptors 
and are critical for reproductive behavior (Coolen and Wood, 1998).  In female mice, the 
MeP sends stronger projections to the BNST and the PMCO, while the MeA sends more 
projections to regions that may be involved in reward and the reinforcing properties of 
odors such as the medial olfactory tubercle (mOT) (DiBenedictis et al., 2014). While both 
the MeA and the MeP project to the VMH, a critical region for receptive behavior, the 
majority of projections from the MeA are excitatory glutamatergic projections, while 
both excitatory and inhibitory GABAergic projections are sent from the MeP to the VMH 
(Bian et al., 2008). These results indicate that different sub-regions in the Me might be 
playing different roles in the regulation of reproductive behavior. The LIM homeobox 
domain transcription factor Lhx6 is expressed in the MePD and can be used to identify a 
population of inhibitory projections neurons to the MPA and ventromedial portion of the 
VMH. Neurons expressing Lhx6 are thought to be activated in response to opposite sex 
odors, but not to same-sex or predator odors. A second population of excitatory 
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glutamatergic projections is sent specifically from the MePV to the dorsal portion of the 
VMH (which plays a role in defensive behaviors in mice) (Choi et al., 2005). There are 
also interconnections between the MeA and MeP which allows for integration of 
chemosensory cues from the MeA and hormonal regulation in the steroid hormone 
sensitive MeP (Coolen and Wood, 1998; Maras and Petrulis, 2010). Additionally, the 
AOB in female mice receives centrifugal projections from the Me. These projections 
show increased CTB/c-Fos double labeling in response to opposite-sex urinary volatiles, 
but not to same-sex urinary odors, predator odors or food odors. This study suggested that 
volatile odors that activate the MOB may gain access to the AOB through the Me and 
contribute to the regulation of reproductive behavior (Martel and Baum, 2009b). 
The Me is critical for reproductive behavior in female rodents. Females of many 
species show mating-induced increases in c-Fos expression in the Me,  including rats 
(Erskine, 1993; Polston and Erskine, 1995), hamsters (Shelley and Meisel, 2005) and 
ferrets (Lambert et al., 1992). Electrolytic lesions of the entire Me or of specific sub-
regions of the Me affect both odor investigation behavior and reproductive behavior in 
many different rodent species (see “Social Behavior and Olfaction in Females” section in 
for more details). 
 
OPTOGENETICS AND PHARMACOGENETICS 
The traditional approach to studying the contribution of specific brain regions or 
types of neurons in the regulation of behavior has been to create destructive lesions 
(either drug-induced or electrolytic lesions) or to use animals with genetic null mutations 
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(knockout animals) of specific genes of interest. While much has been learned using 
these techniques, they are permanent and do not allow for precise temporal control of the 
cells or regions of interest during the expression of behaviors. In the past few years, 
several  new techniques have been developed that allow for more targeted manipulations 
of different neuron populations in specific forebrain regions or projection pathways 
during behavior tests. 
One technique was that was used in this thesis to study the role of different regions of 
the AOS in the production of reproductive behavior in female mice was optogenetics. In 
this technique light sensitive opsins are inserted into neurons of interest and then laser 
light is used to activate the opsin in targeted neurons. Some opsins used with optogenetic 
techniques are excitatory, such as channelrhodopsin-2 (ChR2) (Boyden et al., 2005) or 
channelrhodopsin-2 E123T Accelerated (ChETA) (Gunaydin et al., 2010) and they cause 
neurons to depolarize in response to blue (440-500nm) laser light stimulation. Other 
opsins are inhibitory, such as halorhodopsin (NpHR) (Han and Boyden, 2007) and 
Archeorhodopsin (ArchT) and they cause neurons to hyperpolarize in response to green-
yellow (540-600nm) laser light. The opsin ArchT was first isolated from Halorubrum 
strain TP009 and is able to hyperpolarize infected neurons when activated by yellow-
green laser light (Han et al., 2011). This outward proton pump can be expressed at high 
levels in the plasma membrane of infected neurons (Chow et al., 2010). There are many 
different methods to insert photosensitive-opsins into brain tissue. In one technique, the 
opsin ArchT can be injected into different brain regions as part of an adeno-associated 
viral vector (AAV) with a fluorescent reporter protein to subsequently visualize infected 
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neurons. Many AAVs have been engineered to use the Cre-Flox system. With Cre-
mediated recombination, transgenic mice that express Cre recombinase under the control 
of a specific promoter are injected with an AAV containing the opsin of interest 
surrounded by loxP sites. These sites are specific sequences in the AAV that are 
recognized by the Cre-recombinase enzyme, allowing for the insertion of the opsin of 
interest at the loxP sites (Rogan and Roth, 2011). This allows for specific expression of 
opsins in identified neuron populations that can be manipulated during subsequent 
behavior tests. 
ArchT has been used in many studies to dissect out the roles of specific neuron 
populations or projection pathways in various behaviors in rodents. ArchT was used in 
rats to specifically inhibit projections from the basolateral amygdala (BLA) to either the 
nucleus accumbens core or the prefrontal cortex to show that projections from the BLA to 
both regions are important in cue-induced reinstatement of cocaine seeking behavior 
(Stefanik and Kalivas, 2013). ArchT infection in the BLA in another study inhibited the 
retention of a learned avoidance task in rats.  When foot shocks were paired with yellow-
green laser inhibition in ArchT infected rats, they returned more quickly to the 
compartment paired with the foot shock then non-infected controls when later returned to 
the testing cage (Huff et al., 2013). Optogenetic manipulations with ArchT have also 
been used in studies of paired freely behaving mice to look at the roles of different brain 
areas in real-time during social interactions. In mice, ArchT-induced silencing of neurons 
in the medial prefrontal cortex, a brain region involved in the regulation of aggression, 
significantly increased the frequency of attacks directed towards an intruder male 
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(Takahashi et al., 2014). In this thesis research, the inhibitory opsin ArchT will be used to 
selectively silence the mitral/tufted cell projections from the AOB to the forbrain to look 
at the impact on pheromone preference behavior and receptivity in sexually experienced 
estrous female mice.  
A second technique used in this thesis research to selectively alter neuronal activity in 
portions of the AOS in awake behaving mice was a pharmacogenetic technique known as 
Designer Receptors Exclusively Activated by Designer Drugs (DREADDs). This system 
allows for reversible activation of neurons with a human M3 muscarinic cholinergic Gq-
coupled DREADD (hM3Dq) (Alexander et al., 2009) or silencing of neurons with a 
human M4 muscarinic cholinergic Gi-coupled DREADD (hM4Di) (Ferguson et al., 2011) 
during specific behaviors, but on a longer timescale then optogenetics. To inhibit neuron 
activity in specific brain regions, AAVs containing an inhibitory DREADD (hM4Di) can 
be focally injected into the brain region of interest. This inhibitory DREADD is a 
modified GPCR (the M4 muscarinic receptor) that hyperpolarizes infected neurons only 
in response to systemic injections of the non-endogenous drug clozapine-N-oxide (CNO) 
by activating inward-rectifying potassium channels (Armbruster et al., 2007). CNO is 
also able to cross the blood brain barrier (Bender et al., 1994) to act on DREADDs after 
systemic injection but is otherwise physiologically inert and not back metabolized into its 
parent compound, clozapine, in mice (Guettier et al., 2009). CNO injection has been 
shown to be non-toxic in mice after chronic treatment (Krashes et al., 2011), while 
inhibition of neurons transfected with DREADD is no longer observed 24hrs after CNO 
injection (Sasaki et al., 2011). AAVs used to deliver DREADDs to different brain regions 
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can be directed to express in specific neuron populations (using the Cre-expression 
system) or can be expressed under a ubiquitous promoter, such as the human synapsin 
(hSyn) promoter, which does not restrict DREADD expression to specific types of 
neurons but instead allows for infection of all neurons near the virus injection site.  
This technique has also been used successfully in multiple different behavioral 
studies. For example, DREADD-mediated inhibition of neurons in the paraventricular 
hypothalamus, a brain region that receives extensive axonal inputs from agouti related 
protein (Agrp) expressing-neurons critical for feeding behavior, dramatically increased 
food intake (Atasoy et al., 2012). In the medial amygdala of male mice, inhibitory 
DREADD-expression specifically in neurons that are part of the corticotrophin-releasing 
system that regulates both endocrine and behavioral responses to stress paired with CNO 
treatment increased cage exploration and investigation directed towards males of a 
similar social rank (Shemesh et al., 2016). DREADD-induced silencing of neurons in the 
mOT, which receives direct projections from the MOB and is thought to play a role in the 
rewarding properties of natural stimuli, also decreased the preference for hormone-
primed female mice to investigate male urine compared to female urine (DiBenedictis et 
al., 2015).   
 
SPECIFIC AIMS 
While previous lesion studies have shown that a functioning AOS is critical for 
the expression of both paracopulatory (approach) and receptive courtship behaviors in 
female mice, these lesions cause permanent, irreversible damage to the brain regions of 
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interest. The studies included in this thesis were designed to more precisely pinpoint 
when in the mating sequence of estrous female mice input from AOS is required to 
facilitate mating behavior. The specific aims of this thesis are: 
1) To determine if pre-exposure to the non-volatile and volatile chemosignals 
emitted from soiled male bedding and urine would facilitate the progressive increase in 
lordosis normally observed in sexually naïve, estrous female mice. [Chapter 2] 
2) Use ArchT-induced neuronal silencing of M/T cell projection neurons in the AOB 
to determine if continued functioning of AOB inputs is required for the preference for 
opposite sex chemosignals and lordosis behavior in sexually experienced estrous female 
mice. [Chapter 3] 
3) To determine the role of the Me in the preference of females to investigate male 
urinary chemosignals, in the progressive increase in female receptivity normally observed 
in sexually naïve estrous female mice after repeated tests with a stud male, and in 
receptivity in sexually experienced females using DREADD-induced neuronal silencing 
of neurons in the Me. [Chapter 4] 
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Figure 1.1: 
Projections to the main and accessory olfactory systems in the forebrain of mice. The 
vomeronasal organ (VNO) projects to the accessory olfactory bulb (AOB). The AOB 
then sends direct projections (indicated in dark gray) to the bed nucleus of the stria 
terminalis (BNST), the anterior medial amygdala (MeA), the posterodorsal medial 
amygdala (MePD) and the posteromedial cortical nucleus of the amygdala (PMCo). The 
The medial pre-optic area (MPA), the ventromedial hypothalamus (VMH) and the BNST 
in turn receive projections from the medial amygdala. The main olfactory epithelium 
(MOE) projects to the main olfactory bulb (MOB). The MOB sends direct projections 
(indicated in light gray) to the anterior olfactory nucleus (AON), the olfactory tubercle 
(OT), the piriform cortex (Pir), the MeA, the anterior cortical amygdala (ACo) the 
posterolateral cortical amygdala (PLCo) and the entorhinal cortex (Ent). Dashed lines 
indicate projections between the AOB and the MOB as well as the MeA and the OT. 
Adapted with permission from (Cherry and Baum, 2017). 
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CHAPTER TWO 
Effect of Pre-Exposure to Social Odors on  
Female Mouse Proceptive and Receptive Behaviors 
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ABSTRACT 
Previous research has shown that repeated testing with a stimulus male is required 
for ovariectomized, hormone-primed female mice to become sexually receptive (show 
maximal lordosis quotients; LQs) and that drug-induced, epigenetic enhancement of 
estradiol receptor function accelerated the improvement in LQs otherwise shown by 
estrous females with repeated testing.  We asked whether pre-exposure to male 
pheromones (‘pheromone priming’) would also accelerate the improvement in LQs with 
repeated tests. Adult ovariectomized C57BL/6J mice were repeatedly given s.c. injections 
of estradiol benzoate and 48 hr later progesterone to induce behavioral estrus. Females 
were exposed for 30 minutes to either clean or soiled male bedding and then placed with 
a stud male for 20-minute courtship tests given 5 times with 4-day intervals between 
tests. Tests were videotaped, and females’ receptivity and nasal investigation of the male 
were assessed. Repeated priming with soiled male bedding failed to accelerate the 
progressive improvement in LQs shown by estrous female mice across 5 tests, although 
the duration of each lordosis response and females’ investigation of male body parts 
during the first test was augmented by such priming. Our results suggest that pheromonal 
stimulation, by itself, cannot substitute for the full complement of sensory stimulation 
received by estrous females from mounting males that normally leads to the progressive 
improvement in their LQs with repeated testing.   
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INTRODUCTION 
Numerous studies have shown that sexually naïve ovariectomized female rats and 
hamsters show full-blown copulatory and paracopulatory behaviors when administered 
ovarian hormones and first tested with a sexually active male (Blaustein and Erskine, 
2002). By contrast, sexually naïve female mice initially display very low levels of 
receptive sexual behavior following ovariectomy and the induction of estrus by 
administering estradiol followed two days later by progesterone.  Repeated hormone 
priming and behavioral testing with a sexually experienced male is required for 
ovariectomized females to display maximal, high levels of sexual receptivity (Bakker et 
al., 2002; Kudwa and Rissman, 2003; Mani et al., 1997; Thompson and Edwards, 1971). 
Rissman and co-workers (Bonthuis et al., 2011) reported that systemic administration of a 
histone deacetylase inhibitor to ovariectomized female mice significantly enhanced the 
rate at which the incidence of lordosis (indexed by lordosis quotients; LQs) improved 
over the course of repeated hormone treatments and behavioral tests. These results point 
to an epigenetic mechanism whereby repeated testing with a stimulus male augments the 
actions of either estradiol or progesterone at respective cognate neural receptors for these 
two ovarian steroids. The expression of lordosis in female rodents is also sensitive to 
stress.  Restraint stress reduces the expression of lordosis in ovariectomized female rats 
after treatment with ovarian hormones (White and Uphouse, 2004). Blaustein and co-
workers (Laroche et al., 2009a, b) reported that the progressive improvement in LQs 
observed in estrous female mice over several tests in adulthood was significantly 
decreased by prior exposure to environmental or immune stressors around the age of 
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puberty (specifically at 6 weeks of age). These observed behavioral defects induced by 
pubertal stress were correlated with a significant, long-lasting reduction in the expression 
of estradiol receptor type alpha (ERα in the ventromedial hypothalamic nucleus) (Ismail 
et al., 2011), raising the possibility that the stress-induced reduction in females’ 
receptivity resulted from an epigenetic down regulation of neural ERα expression. 
In addition to the actions of ovarian hormones, male pheromones that are detected 
by the accessory olfactory system also play an essential role in the activation of courtship 
behaviors in estrous female mice (Haga et al., 2010; Keller et al., 2006b; Martel and 
Baum, 2009a). High molecular weight pheromones are detected in the accessory 
olfactory system by sensory neurons in the murine vomeronasal organ (VNO), which 
send pheromonal information via projections to the accessory olfactory bulb (AOB) 
(Baum and Kelliher, 2009; Restrepo et al., 2004). The AOB in turn sends mitral cell 
projections to the medial amygdala, a major integration center for chemosensory cues 
(Samuelsen and Meredith, 2009), which then projects to hypothalamic regions that 
control reproductive behavior (Choi et al., 2005; Kevetter and Winans, 1981a). Lesions 
placed at different points along the VNO-AOB pathway reduce the expression of lordosis 
as well as females’ interest in the investigation of opposite sex odor cues (DiBenedictis et 
al., 2012; Keller et al., 2006b; Martel and Baum, 2009a). 
Estradiol has been shown to significantly upregulate the ability of pheromones 
emitted from soiled male bedding to stimulate immediate-early gene expression in 
sensory neurons of the VNO, with a similar non-significant trend being seen in subnuclei 
of the medial amygdala of female mice (Halem et al., 1999). Thus ovarian steroids and 
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pheromonal inputs appear to play a synergistic role in forebrain sites to facilitate the 
expression of female courtship behaviors in mice.  However, it is not known whether 
repeated exposure (priming) to male pheromones can duplicate the effects of drug-
induced, up regulation of hypothalamic ERα-expression in augmenting lordotic 
responses in estrous female mice. In a previous study (Haga et al., 2010), 30 minute pre-
exposure of estrous female mice to the putative male tear pheromone, exocrine gland-
secreting peptide-1 (ESP1), significantly augmented LQs.  In this experiment we asked 
whether repeated pre-test exposure (30 minutes) to the pheromones emitted from soiled 
male bedding and urine would significantly accelerate the progressive improvement in 
the display of receptive (lordosis) as well as paracopulatory (investigative) behavior that 
occurs in ovariectomized female mice brought into estrus at 4-day intervals using 
estradiol followed by progesterone.   
 
METHODS 
Subjects:  
Seventeen female C57BL/6J mice were purchased at 5-7 weeks of age (Charles 
River Laboratories, Wilmington, MA).  Note that in previous studies by Blaustein et al. 
(reviewed in (Blaustein and Ismail, 2013)) mice shipped at 6 weeks of age and later 
tested after ovariectomy and priming with ovarian hormones showed average LQs of 
30% on the last of 5 behavioral tests whereas mice shipped before 6 weeks or at 7 or 
more weeks of age showed average LQs of 60%.  The mice used in this experiment 
resembled this latter group from the Blaustein et al. work in so far as their maximal (test 
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5) LQs were 60% regardless of whether or not they were primed with male pheromones 
prior to each test. Females were group housed (3-5 mice per cage). Stimulus C57BL/6J 
males (n = 14) purchased at 5-7 weeks from Charles River Laboratories (Wilmington, 
MA) were individually housed after receiving sexual experience with an estrous female. 
Mice were maintained on a reversed 12:12 h light:dark cycle with food and water 
available ad libitum.  All procedures were approved by the Boston University Charles 
River Campus Institutional Animal Care and Use Committee.  
Surgery: 
Female mice (sexually inexperienced, age 8-14 weeks) underwent bilateral 
ovariectomy under 2% isofluorane anesthesia and were allowed to recover for 1 week 
before behavioral testing. Subjects were given analgesic on the day of surgery and for 
two subsequent days (Carprofen, 5 mg/kg, s.c.).  
Odor Stimuli: 
Urine and soiled bedding were collected from sexually inexperienced stimulus 
males (n=14) for use during olfactory priming.  Urine was collected using a metabolic 
chamber, pooled and stored in 1 ml aliquots at -80oC.  To collect soiled bedding, 2-4 
group housed males were placed in a cage with clean bedding for 4 days, after which the 
soiled bedding was collected, pooled in plastic bags, and stored at -80oC. These stimulus 
males were given sexual experience after collection of odor stimuli and were also used to 
conduct the sexual behavior tests. Males were considered sexually experienced after two 
overnight pairings with ovariectomized, hormone primed females (n=4; these females 
were not included in the behavioral studies).  
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Behavioral Tests: 
All tests were carried out under red light during the dark phase of the light:dark 
cycle.  Tests were videotaped and coded prior to behavior scoring so that the investigator 
was blind to the treatment groups.  To induce behavioral estrus, females were given a s.c. 
injection of estradiol benzoate (EB, 0.5 µg in 0.05 ml sesame oil, Sigma-Aldrich) 2 days 
before, and a s.c. injection of progesterone (P, 830 µg in 0.05 ml sesame oil, Sigma-
Aldrich) 3-6 hours before testing (Bonthuis et al., 2011). At the end of each testing 
session, mice were returned to their home cage. 
Ovariectomized females were hormone primed prior to all 5 behavior tests, which 
were carried out every 4 days consecutively.  Thirty minutes before the start of each test, 
stimulus males were placed into a plastic testing cage (29L x 18W x 13H cm) containing 
a mixture of bedding from their home cage and clean bedding. Estrous female subjects 
were placed into a different plastic exposure cage during that 30-minute period and 
exposed to either 20g clean bedding (Non-primed group, n = 8) or 20g male soiled 
bedding with an additional 1ml male urine applied (Primed group, n = 9).  The type of 
bedding to which each female was exposed was kept consistent across all 5 tests.  To 
begin a test, the female was placed in the testing cage containing the male, and courtship 
behavior was observed for either 20 minutes, 20 mount attempts by the stimulus male or 
until the male ejaculated.  If a male ejaculated, it was not used for testing again on the 
same day.  If a male did not mount during a test, it was replaced so that each female 
received mounting attempts on each testing day.  Lordosis was scored when the female 
stood with all four limbs braced on the floor during a male mount and held her snout 
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parallel to the floor of the cage, without attempting to run away or sit (Bonthuis et al., 
2011). Sexual receptivity of the females was determined during each of the 5 tests by 
calculating the lordosis quotient (LQ), which was the number of lordosis responses 
shown divided by the number of male mounts received multiplied by 100.  Sexual 
receptivity was further assessed by determining the lordosis duration in each of the 5 
tests. This was calculated by dividing the total time spent in lordosis by the total number 
of lordosis events per test. Close investigation of the male was scored and timed when the 
female subject made direct nasal contact with the body of the stimulus male.  The body of 
the male was divided into three regions for analysis; the face (consisting of the snout, 
eyes or head), the back (consisting of both the dorsal and ventral portion of the male’s 
trunk and legs) and the anogenital region. The timing of close investigation during each 
test was also determined by breaking the 20 minute tests into 2 minute segments and 
scoring investigation during these smaller segments to see if the timing of investigation 
changed over the course of each test.  
It is also possible that any variation in female behavior during the tests could be 
due to differences in activity of the males during each test. To control for this, male 
sexual behavior was also quantified. The total number of mounts and the total number of 
mounts with intromission (indexed by rhythmic pelvic thrusting) were counted (Baum et 
al., 1994; Morali et al., 2003). The duration of mounts with intromission was determined 
by dividing the total number of intromission events per test by total time spent 
intromitting.  The percentage of tests ending in ejaculation was also determined. All male 
behavioral data were combined over the 5 mating behavior tests for analysis. 
		
35 
Statistical Analysis: 
Data were expressed as mean + SEM for all treatment groups across all five 
sexual behavior tests. Two-way repeated measures ANOVAs were used to determine the 
effect of treatment across the five tests, and Student Newman–Keuls post hoc tests were 
used to compare pairs of mean values. To determine the pattern of close nasal 
investigation over time, one-way repeated measure ANOVAs were used to determine the 
investigation over time within a treatment group. Student Newman-Keuls post hoc tests 
and two-tailed Student’s t-tests were used to determine the effect of treatment in different 
time bins. Male behavior was also compared using two-tailed Student’s t-tests. All 
statistical analyses were carried out using SigmaPlot11 software. 
 
RESULTS 
Priming with male pheromones failed to accelerate the progressive increase in 
LQs that occurred in estrous female mice with repeated tests with a stimulus male (Fig. 
2.1A).  Overall there was a significant effect of repeated testing on females’ LQs (F4,60 = 
9.845, p < 0.001), with post hoc analysis showing that there was a significant increase in 
LQ in the non-primed group over baseline in tests 4 and 5, and in the primed group 
relative to baseline by test 5.  There were no significant group differences in females’ 
LQs in any of the five tests.  Priming with male pheromones significantly augmented the 
lordosis duration in estrous females across all 5 tests (Fig. 2.1B).  This was revealed in a 
significant group effect in the overall ANOVA (F4,75 = 12.993, p < 0.001), with post hoc 
analysis showing a significant increase in pheromone-primed females on test 4. There 
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were no significant differences in any of the measures of male sexual behavior measured 
(Table 2.1).  
 Exposing sexually naïve estrous female subjects to odor cues from stimulus males 
prior to mating tests increased the total time that that females spent in close nasal contact 
with the body of a stimulus male (time spent investigating the face, back and anogenital 
regions combined) compared to controls during the first sexual behavior test (Fig. 2.2A).  
This was reflected in a significant treatment x test interaction effect (F4,60 = 2.694, p = 
0.039), and post hoc analysis revealed that pheromone-primed females showed 
significantly more investigation of the male than non-primed controls during test 1, but 
not during tests 2-5. Estrous females in the two treatment groups investigated the 
stimulus male for an equivalent, low percentage of the test time across the 5 tests (Fig. 
2.2B).  
An analysis was also done of the time of investigation directed by female subjects 
towards the body of a stimulus male during tests 1-5 to determine if priming with male 
odors altered this behavior. It was possible that the duration of investigation could have 
been altered by priming only immediately after the female was first introduced into the 
cage with the stimulus male or over the entire duration of the test. During the first test, 
both primed females (F63,9 = 14.293, p < 0.001) and non-primed females (F42,9 = 5.703, p 
< 0.001) spent more time investigating the stimulus male in the first 2 minutes of the test 
compared to the entire remainder of the test (Fig. 2.3). In test one, the primed group also 
spent significantly more time investigating the male during the first 2 minutes compared 
to the non-primed group (t15 = 2.510, p = 0.024). In test 2, there was also a significant 
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difference as shown by post hoc analysis in the total time spent investigating the stimulus 
male in during the first 2 minutes and also during the second 2 minutes (time 2-4 
minutes) compared to the rest of the test (F33,9 = 7.443, p < 0.001). There were no other 
significant differences in total time spent investigating in any other test. A detailed 
analysis of the time that females in the two treatment groups spent investigating different 
body parts of the stimulus male was also made for test 1.  Females that were exposed to 
male pheromones prior to test 1 showed a significantly higher frequency of investigation 
of the male body parts than non-primed controls (Fig. 2.4A) (F1,2 = 7.626, p = 0.008), and 
post hoc analysis showed that this group difference was significant for investigation bouts 
directed towards the face region.  Likewise, females given pre-test priming with male 
pheromones investigated male body parts for significantly longer than non-primed 
control females (Fig. 2.4B) (F1,2 = 9.072, p = 0.004), with post hoc analysis showing that 
this group difference was significant for the duration of investigation of the male’s 
anogenital region.  Finally, females in both treatment groups spent significantly more 
time investigating males’ anogenital region than either the face or back regions (F2,50 = 
4.119, p = 0.023), and post hoc analyses confirmed this result in both the control and 
pheromone-primed groups of estrous female subjects.   
 
DISCUSSION 
Priming with male pheromones prior to each test of mating behavior failed to 
accelerate the progressive increase in LQs that characterized estrous female mice used in 
our experiment and in numerous previous studies (Bakker et al., 2002; Bonthuis et al., 
		
38 
2011; Kudwa and Rissman, 2003; Mani et al., 1997; Thompson and Edwards, 1971). This 
outcome suggests that the progressive improvement in females’ lordosis performance 
normally seen in mice does not depend solely on repeated exposure to male pheromonal 
cues.  Likewise, an early study (Thompson and Edwards, 1971) found that simply giving 
ovariectomized mice estradiol and progesterone so as to induce estrus on 4 occasions, in 
the absence of any tests with a stimulus male, also failed to accelerate the progressive 
improvement in LQs later seen when the same females were further given ovarian 
hormones followed by tests with a male on three occasions.  The results of that study 
show that repeated exposure to ovarian hormones, in the absence of repeated testing with 
a stimulus male, failed to accelerate the expression of lordosis. Taken together, these 
outcomes imply that the full range of sensory stimulation resulting from interaction with 
the male, including the receipt of mounts with pelvic thrusting/intromissions together 
with repeated exposure to ovarian hormones, is needed to augment females’ lordosis 
responses over a series of tests.   
The absence of any effect of male pheromone priming contrasted with the striking 
ability of chronic treatment (via the drinking water) with the histone deacetylase blocking 
drug, sodium butyrate, to accelerate the progressive improvement in LQs among estrous 
female mice across a series of 5 behavioral tests with a stimulus male (Bonthuis et al., 
2011). While treatment was systemic and there are many potential targets for sodium 
butyrate, the increased lordosis response observed after drug treatment in wild-type, 
hormone-primed female mice was not observed in either ERα knockout females given 
ovarian hormones or in wild type mice that did not receive ovarian hormones. This 
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outcome points to an epigenetic mechanism that normally enhances the efficacy of 
estradiol and/or progesterone signaling via cognate receptors as a result of the female’s 
receipt of mating stimulation over a series of tests. We found that both the pheromone 
primed and the non-primed control females received an equivalent number of mounts 
across 5 tests, leading to an equivalent, progressive increase in LQs in these two groups 
of females.  Thus pheromone-induced priming of the accessory olfactory system alone, in 
the absence of differences in mounting that would provide additional, non-pheromonal 
physical cues from the male, failed to augment females’ progressive improvement in 
LQs.  This outcome contrasts with the report (Haga et al., 2010) that 30 minutes of pre-
exposure to the putative male tear pheromone, ESP1, on a single occasion significantly 
augmented lordosis in ovariectomized, hormone-primed female mice.   
It is possible that the lack of an effect of priming with male pheromones on the 
acceleration of lordosis could have reflected a lack of activation of the AOS by the soiled 
male bedding stimulus due to the absence of investigation of the soiled bedding by the 
female subjects. While we did not explicitly quantify the investigatory behavior of the 
females during the time they were placed onto either the clean or male soiled bedding 
stimuli, females were observed to explore the cage and to make nasal contact with the 
soiled bedding immediately after introduction into the test cage. This suggests that, at 
least initially, females were sampling the bedding stimuli during the exposure period. 
Additionally, this same method of exposing female mice to male soiled bedding has 
previously been shown to increase c-Fos expression in the AOB and other forebrain 
regions that comprise the accessory olfactory system (Halem et al., 2001a; Halem et al., 
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1999). For these reasons we are confident that the male pheromonal stimuli used 
successfully activated the accessory olfactory system in our estrous females.    
 The pheromone priming stimuli used were emitted from soiled bedding and urine 
pooled from the stimulus males that females were later tested with for lordosis 
responsiveness.  Previous studies have shown that female mice are able to distinguish 
between individual conspecific males based on odor cues (Cheetham et al., 2007) and 
prefer to approach more dominant vs subordinate males (Mossman and Drickamer, 
1996). It is possible that pre-exposure to the pheromones from a single dominant male, 
followed by testing with that specific male, might have accelerated the progressive 
improvement in LQs.  Such an effect would have been lost in this experiment by pooling 
pheromonal stimuli from a group of males with unknown social relationships.    
Whereas repeated priming with male pheromones failed to augment LQs, this 
priming did significantly increase the average time estrous females subsequently 
displayed the lordosis posture across the 5 consecutive tests.  This facilitation was 
especially evident on tests 4 and 5 in the sequence (see Fig. 2.1B). It is unknown whether 
the amount of time spent holding the lordosis posture affects females’ reproductive 
success in mice.  It is possible, however, that longer lordosis durations increase the 
likelihood of intromission and/or ejaculation thereby increasing the incidence of 
pregnancy. The total time investigating the stimulus male was increased by pheromone 
priming only in test 1 (Fig. 2.2A). Further analysis of the timing of investigation showed 
that in both groups that majority of investigation occurred during the first two minutes of 
the first day of testing with the stimulus male. During this two-minute segment in the 
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initial test there was a significant difference in investigation between primed and non-
primed females with primed females showing increased investigation. There was no 
apparent relationship between tests showing altered investigation behavior (either the 
actual investigation time, the percentage of total test time spent with the stimulus male or 
the timing of investigation) and the priming-induced augmentation of the duration of 
lordosis responses.  Thus, the priming effect on receptivity was greatest on tests 4 and 5 
whereas the effect of priming on females’ subsequent nasal investigation of the stimulus 
male was statistically significant on test 1 but not during later tests.  This observation 
raises the question of whether the female’s VNO receptors must always come into direct 
contact with putative non-volatile pheromones released from the male in order to 
facilitate interest in the male and lordosis responsiveness to the receipt of mounts from 
the male.  Previous research in mice of both sexes (Keller et al., 2006b; Martel and 
Baum, 2009a; Pankevich et al., 2004) suggests that a functional VNO/accessory olfactory 
system is needed to maximize subjects’ motivation to maintain nasal contact with 
opposite-sex urinary pheromones.  Our observation that male pheromone priming (which 
involved direct nasal contact with putative chemosignals) failed to augment females’ 
direct investigation of the male across tests 2-5 while at the same time it augmented 
females’ lordosis duration in response to male mounts implies that VNO signaling in 
females may be initiated by unknown sources of non-volatile pheromones and/or by 
VNO responsiveness to volatile male pheromones (Sam et al., 2001; Trinh and Storm, 
2003). 
		
42 
 Pheromone-primed females showed a higher frequency of nasal investigation of 
the male face and spent significantly more time than non-primed controls investigating 
the stimulus male’s anogenital region during test 1.  This outcome is interesting in so far 
as previous research has shown that two specific, chemically characterized putative male 
pheromones are secreted from these two sources in male mice.  Thus, ESP1, which is 
secreted in male mouse tears, is detected by the female’s VNO sensory neurons and 
facilitated lordosis (Haga et al., 2010; Kimoto et al., 2005; Kimoto et al., 2007). Contact 
with this putative male pheromone would be facilitated when females investigate the 
male’s face.  Another compound, a major urinary protein (MUP) called Darcin, has been 
isolated from male mouse urine and has been shown to attract females, again after its 
detection by VNO sensory neurons (Roberts et al., 2012; Roberts et al., 2010). Contact 
with Darcin would likely be facilitated when females come into nasal contact with the 
male’s anogenital region.  It was not obvious from our data set (tests 4-5 when lordosis 
durations of pheromone-primed females were augmented in the absence of increased 
nasal investigation of the stimulus males) how either of these putative male pheromones 
gained access to females’ VNO sensory neurons and thereby augmented lordosis 
duration.    
 In conclusion, priming sexually naïve female mice with male pheromones prior to 
mating tests did not accelerate the progressive increase in LQs normally observed with 
repeated testing, which indicates that activation of the olfactory system alone, in the 
absence of male mounting, is not sufficient to alter this behavior. Pheromone priming did 
increase the amount of time that females spent holding the lordosis posture; further 
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research is needed to determine the role of the accessory olfactory system in this 
behavior.  
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Figure 2.1: 
Effect of priming with male pheromones prior to each test on the display of lordosis 
shown by estrous female mice in response to mounts from a stimulus male. Females’ 
receptive behavior is indexed (panel A) as lordosis quotients and (panel B) as the 
duration of lordosis (seconds in lordosis posture/number of lordosis events).  Each 
consecutive test was separated by 4 days. Data are expressed as mean +/- SEM; the 
number of subjects in each group is given in parentheses. * p< 0.05 post hoc comparisons 
within the non-primed group between tests 4 and 5 vs the baseline (test 1).  # p < 0.05 
post hoc comparisons within primed females between test 5 vs. test 1.   + p < 0.05 post 
hoc between groups comparison on test 4.  
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Figure 2.2: 
Effect of priming with male pheromones prior to each test on investigation of stimulus 
male conspecifics by estrous female mice.  Females’ investigation is indexed (panel A) as 
the total time females investigated the male per test and (panel B) the percentage of the 
total test time during which the female investigated the stimulus male. Each consecutive 
test was separated by 4 days.  Data are expressed as mean +/- SEM; the number of 
subjects in each group is given in parentheses.  # p < 0.05 post hoc comparison of the 2 
groups.   
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Figure 2.3: 
Effect of priming with male pheromones prior to each test on investigation of the 
stimulus male at different time points during each mating test. Female’ investigation is 
indexed as the total time females investigated the males during 2-minute time blocks of 
the 20 minute tests. Data are represented as mean +/- SEM. * p< 0.05 post hoc 
comparisons within the non-primed group between 0-2 minutes and the remaining time 
periods. # p < 0.05 post hoc comparisons within primed females between 0-2 minutes and 
the remaining time periods. + p < 0.05 between groups comparison during 0-2 minutes. 
After 2-4 minutes, the n for some groups begins to decrease as mice reach the end criteria 
for each test. After 6-8 minutes, the n in all 5 tests dropped below 50% of the starting 
number.  
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Figure 2.4: 
Effect of priming with male pheromones prior to test 1 on investigation of different parts 
of the stimulus males’ body by estrous female mice during that test.  Females’ 
investigation is indexed as (panel A) the total frequency of investigation bouts and (panel 
B) the total duration of investigation of each body part.  Data are expressed as mean +/- 
SEM; the number of subjects in each group is given in parentheses.  + p < 0.01 post hoc 
between groups comparisons. *p < 0.05 post hoc within group comparisons with the time 
spent investigating either the face, back or the anogenital region.  
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CHAPTER THREE 
Influence of Optogenetic Manipulations of Accessory Olfactory Bulb Mitral Cell Activity 
on Female Mouse Mating Behavior 
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ABSTRACT 
In estrous female mice, the expression of lordosis, a reflexive arched-back 
response to male mounts, is decreased after bilateral lesions to the vomeronasal organ 
(VNO) or the accessory olfactory bulb (AOB). Damage to these areas also altered 
chemosensory investigation behavior. The AOB receives pheromonal inputs from the 
VNO and sends mitral cell axonal projections to forebrain targets controlling lordosis. 
We asked in this experiment if optogenetic silencing of AOB mitral cells reduces the 
display of lordosis or alters chemosensory preference in sexually experienced females. 
Adult protocadherin21-Cre female mice expressing Cre-recombinase selectively in main 
olfactory bulb (MOB) and AOB mitral cells were ovariectomized and given bilateral 
AOB injections of a Cre-dependent ArchT and GFP vector (AAV8/Flex-ArchT-GFP; 
UNC Vector Core). ArchT is an outward proton pump that suppresses firing in neurons 
when activated by green light. Laser light (532 nm, 10mW at the fiber tip) was delivered 
via an optical fiber implant on the midline above the AOB to inhibit mitral cell firing 
during behavior. Females were given s.c. injections of estradiol benzoate and then 
progesterone 48 hr later to induce behavioral estrus before all tests. Sexually experienced 
females received chemosensory preference tests for male urine compared to water in the 
presence or absence of optogenetic stimulation. Subjects then received a series of five 20-
min lordosis tests (Tests 1, 2 and 4 without any optogenetic stimulation and Tests 3 and 5 
with the laser on continuously), and the lordosis quotient (LQ; number of lordosis 
responses/ number of mounts received x 100) was determined for each test. Females with 
bilateral ArchT infections of the AOB showed significant reductions in LQs during tests 
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when the laser was switched on compared to tests with no laser. No effect of laser 
stimulation was observed in non-infected control females. Acute optogenetic inhibition of 
AOB inputs to the forebrain during freely moving behavioral tests significantly reduced 
LQs, suggesting that continued AOB signaling to the forebrain during mating is required 
for maximal lordotic responsiveness even in sexually experienced females.   
 
INTRODUCTION 
In female mice, mating behavior and a female-typical preference to seek out male 
pheromones requires a functioning accessory olfactory system (AOS). In the AOS, non-
volatile odor cues are detected by vomoronasal receptors (VRs) located on sensory 
neurons in the vomeronasal sensory organ (VNO). There are two major classes for VRs 
expressed in the VNO; V1Rs are located in the apical portion of the VNO (Dulac and 
Axel, 1995) while V2Rs are located in the basal layer of the VNO and detect peptide 
pheromones (Kimoto et al., 2005; Loconto et al., 2003; Ryba and Tirindelli, 1997). An 
example of a non-volatile chemosensory cue produced by male mice that binds to V2Rs 
in female mice is exocrine-gland secreting peptide 1 (ESP1) (Kimoto et al., 2005). 
Detection of this putative pheromone by female mice caused an increase in lordosis 
behavior (Haga et al., 2010), while detection by male mice increased aggressive 
behaviors (Hattori et al., 2016). V2Rs are also activated by heavy molecular weight major 
urinary proteins (MUPs) that are secreted in mouse urine. Researchers have been able to 
isolate MUPs from male urine and show that exposure to these proteins increased 
aggression in male mice (Chamero et al., 2007). V1Rs are activated by sulfated estrogens 
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from estrous female urine in the VNO of both male and female mice (Haga-Yamanaka et 
al., 2014), although other studies have found that these compounds may not strongly 
activate accessory olfactory bulb (AOB) neurons (Meeks et al., 2010). From the VNO, 
sensory neurons project to the AOB, where they synapse on mitral and tufted cells which 
are the projection neurons of the AOB (Baum and Kelliher, 2009; Restrepo et al., 2004). 
V1Rs project to the anterior region of the AOB, while V2Rs project to the posterior 
region of the AOB (Jia and Halpern, 1996).  
AOB mitral cells send axonal projections to the medial amygdala (Me) and also to 
the bed nucleus of the stria terminalis (BNST) (Kevetter and Winans, 1981a; Scalia and 
Winans, 1975). The Me integrates olfactory information from both the AOS and the main 
olfactory system (MOS) (Kang et al., 2009, 2011a; Pro-Sistiaga et al., 2007). In the 
MOS, volatile odor cues are detected by sensory receptors on neurons in the main 
olfactory epithelium (MOE). From the MOE, olfactory information is sent to the main 
olfactory bub (MOB). The projections neurons from the MOB are also mitral cells which 
send axonal projections to multiple cortical regions including the olfactory tubercle (OT), 
the piriform cortex (Pir) and the anterior olfactory nucleus (AON) as well as the Me 
(Scalia and Winans, 1975). In addition to receiving olfactory input from both the AOS 
and the MOS, the Me also contains a high density of estradiol and progesterone receptors, 
making it a critical integration center for both olfactory and hormonal cues in the female 
mouse brain (Maras and Petrulis, 2010; Moffatt et al., 1998). The Me then sends 
projections to forebrain regions critical for female reproductive behavior, including the 
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ventromedial hypothalamus (VMH) and the medial preoptic area (MPA) (Choi et al., 
2005; DiBenedictis et al., 2014; Pardo-Bellver et al., 2012).  
Damage to brain regions in the AOS reduced the motivation of estrous female 
mice to approach and investigate opposite sex odors and also decreased the expression of 
receptivity. Surgical removal of the VNO or electrolytic lesions to the AOB decreased the 
preference to investigation non-volatile opposite sex chemosensory cues in female mice  
(Keller et al., 2006b; Martel and Baum, 2009a; Martinez-Ricos et al., 2008). Electrolytic 
lesions to the Me in both mice and rats decreased the preference of females to investigate 
testis-intact male urinary chemosensory cues compared to castrated male urinary cues 
(DiBenedictis et al., 2012; Kondo and Sakuma, 2005). The expression of lordosis in 
sexually naïve estrous female mice is also decreased after damage to the VNO, the AOB 
or to the Me  (DiBenedictis et al., 2012; Keller et al., 2006b; Martel and Baum, 2009a). It 
is not known, however, whether inputs from the accessory olfactory system continue to 
be required for the expression of lordosis in sexually experienced, hormone-primed 
females.  
Optogenetics is a technique that can be used to reversibly and acutely silence 
populations of neurons in specific brain regions in behaving animals. In contrast to 
permanent electrolytic brain lesions that destroy all the neurons in a given area, viral 
targeting of opsins to specific neurons using the Cre-flox system allows for light-induced 
stimulation or inhibition of activity only in neurons expressing Cre-recombinase. We 
asked whether intermittent, optogenetic inhibition of activity in AOB mitral cells would 
significantly inhibit the expression of lordosis otherwise seen in sexually experienced 
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estrous females.  We used a viral vector to insert the neuronal silencing opsin, ArchT 
(Han et al., 2011), into mitral cells of the AOB. This opsin, when activated by a narrow 
spectrum green laser, hyperpolarizes infected mitral cells thereby allowing us to create 
“reversible” lesions in the AOB so as to acutely block pheromone processing by the 
accessory olfactory system during freely moving behavioral tests.  
 
METHODS 
Subjects:  
Protocadherin21-Cre (Pcdh21-Cre; age 8-14 weeks) mice were used in which 
expression of Cre-recombinase is restricted to mitral and tufted cells of both the main and 
accessory olfactory bulbs (Nagai et al., 2005).  Subjects were generated in the Boston 
University vivarium by breeding heterozygous Pcdh21-Cre males with C57BL/6J 
females.  Offspring were genotyped by PCR from genomic tail DNA and Cre-primers 
(Integrated DNA Technologies, Coralville, IA) constructed from sequences suggested by 
the Mutant Mouse Regional Resource Center (UC Davis, CA).  In order to pilot-test the 
methods for optical fiber implantation and laser delivery the excitatory blue light 
sensitive opsin channelrohodopsin (ChR2) was administered into the AOB in 21 
heterozygous male and female offspring (n = 11 Pcdh21-Cre positive mice; n = 10 
Pcdh21-Cre negative mice).  For the ArchT studies, ten heterozygous female offspring 
and five female littermate controls were used. Females were group housed (3-5 mice per 
cage) in both experiments. Stimulus C57BL/6J males (n = 10 were purchased at 5-7 
weeks from Charles River Laboratories, Wilmington, MA) were individually housed after 
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receiving sexual experience with an estrous female. Mice were maintained on a reversed 
12:12 h light:dark cycle with food and water available ad libitum.  All procedures were 
approved by the Boston University Charles River Campus Institutional Animal Care and 
Use Committee.  
Surgery: 
For ArchT studies, all female mice (sexually inexperienced, age 8-14 weeks) 
underwent bilateral ovariectomy under 2% isofluorane anesthesia and were allowed to 
recover for 1 week before virus injection into the AOB.  Males and females in ChR2 pilot 
optogenetic studies were left gonadally intact. Behavioral testing began three weeks after 
virus injection (a total of 4 weeks after bilateral ovariectomy).  Subjects were given 
analgesic on the day of surgery and for two subsequent days (Carprofen, 5 mg/kg, s.c.).  
During stereotaxic viral injections into the AOB, mice were anaesthetized using 2% 
isofluorane whereupon the head was fixed in a stereotaxic apparatus (David Kopf 
Instruments, Tujunga, CA).  Injections were made using pulled glass micropipettes 
(Drummond Wiretrol-Precision Bores with plunger, Drummond Scientific Company, 
Broomall, PA,) with ~20 µm inner tip diameter using a Quintessential Stereotaxis 
Injector (Stoelting, Wood Dale, IL).  Adeno-associated viral (AAV) vectors were used to 
introduce the excitatory opsin ChR2 (Boyden et al., 2005) or the neuronal silencing opsin 
ArchT (Han et al., 2011) into the AOB.  The ChR2 vector used was AAV5/EF1a-DIO-
hChR2(H134)-mCherry-WPRE-pA (created by Dr. Karl Deisseroth), which drives ChR2 
and mCherry fluorescent protein expression in cells that express Cre-recombinase. The 
ArchT vector, AAV8-CAG-Flex-ArchT-GFP (a gift from Dr. Ed Boyden) drives both 
		
60 
ArchT and a green fluorescent protein (GFP) reporter in cells that express Cre-
recombinase.  Both vectors were manufactured and distributed by the University of North 
Carolina Vector Core, Chapel Hill, NC. In the present study AOBs were injected 
bilaterally with 0.3 µl of the AAV-ArchT virus per site at a rate of 0.1-0.2 µl/min.  
Injections were made at a 40º angle off the horizontal plane at the following coordinates: 
1.0 mm rostral to the inferior cerebral vein, 0.8 mm lateral to the midline and 1.8 mm 
below the dura.  After each injection, the electrode remained in place for 10 minutes to 
allow for complete diffusion and stabilization of pressures before removal of the 
electrode.  After virus injection, a single optical fiber (0.37 numerical aperture, 200 µm 
diameter, 2.0 mm in length; Doric Lenses, Quebec, Canada) was lowered through the 
inferior cerebral vein between the left and right AOBs.  Bleeding was controlled by 
gentle pressure, and a ferrule attached to the optical fiber was secured to the skull using 
dental cement and two stainless steel screws.  The surgical incision was closed with 
sutures, and post-operative analgesia was given as described previously. Mice were group 
housed (males and females were housed separately) and behavioral and c-Fos 
experiments began three weeks after virus injection.  For the ArchT studies, littermate 
control females were implanted with a single fiber optic ferrule similar to the 
experimental mice, but did not receive bilateral virus injections in the AOB.  
Odor Stimuli: 
Urine was collected from sexually inexperienced stimulus males (n=8) for use 
during olfactory preference tests. Urine was collected using a metabolic chamber, pooled 
and stored in 1 ml aliquots at -80oC.  These stimulus males were given sexual experience 
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after collection of odor stimuli and were later used to conduct the sexual behavior tests. 
Males were considered sexually experienced after two overnight pairings with 
ovariectomized, hormone primed females (n=4; these females were not included in the 
behavioral studies). To collect soiled bedding, 2-4 group-housed males or 4 group-housed 
females were placed in a cage with clean bedding for 4 days, after which the soiled 
bedding was collected, pooled in plastic bags, and stored at -80oC.  
Pilot ChR2 Study for Optical Fiber Placement: 
Before starting behavioral testing with ArchT optogenetic manipulations, a pilot 
study was done to ensure that laser delivered via a single fiber implanted between the left 
and right AOBs would activate opsins bilaterally in infected AOB mitral cells. It was 
hypothesized that laser stimulation of the AOBs of mice with bilateral infections of ChR2 
would induce bilateral c-Fos expression in forebrain regions receiving axonal projections 
from the Me. Four groups of mice were used with a mixture of gonadally intact males 
and females in each group. Mice (n = 11) were bilaterally injected with ChR2 in the AOB 
and then implanted with a single fiber optic above the midline of the AOBs (as described 
above). These mice were divided into two experimental groups for the c-Fos expression 
studies. One group received bilateral laser stimulation (Group 1, n = 6 total, 3 males and 
3 females) while the other group did not receive laser stimulation (Group 2, n = 5 total, 4 
males and 1 female) during testing. The other two experimental groups did not receive 
virus injection or fiber optic implantation. One group was exposed to opposite sex soiled 
bedding (Group 3, n = 5 total, 2 males and 3 females) and the other was exposed to clean 
bedding (Group 4, n = 5 total, 3 males and 2 females).  
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All bedding or laser exposures were carried out under red light during the dark 
phase of the light:dark cycle. Exposures were carried out in a plastic testing cage (26.5L 
x 20W x 30H cm).  For tests with laser exposures, a fiber optic patch cord (0.37 N.A., 
200 µm diameter, Doric Lenses, Quebec, Canada) was fastened to the ferrule secured to 
the head of the mouse, and the subject was placed in the empty testing cage to habituate 
for 90 minutes. The patch cord, which was protected from damage by a 7.6 cm metal 
sheath, was attached to a rotary joint that was suspended over the cage, and in turn 
connected to the laser source.  The rotary joint prevented the cord from twisting due to 
the animal’s movement, thereby assuring unrestricted movement. During this 90-minute 
period, there was no laser stimulation.  
After the habituation period, Group 1 (ChR2 infected and receiving laser 
stimulation) received 30 minutes of blue laser stimulation (20 sec on: 1 minute off over 
30 min).  Blue laser light (473mn laser; Micron Lux; Germany) stimulation was delivered 
at 20Hz for 5ms pulses during this period. These stimulation parameters were based on 
previous behavioral studies in mice where the firing rate of neurons in the AOB during 
investigation of a conspecific was observed to be 20Hz (Luo et al., 2003). These laser 
stimulation parameters have also been used successfully in male Pcdh21-Cre mice 
infected bilaterally with ChR2 in AOB mitral cells during behavioral tests (Kunkhyen et 
al., 2017). At the end of the 30-minute laser exposure period, the laser was turned off and 
the mice were kept in the testing cage for an additional 60 minutes. Mice in Group 2 
(with bilateral ChR2 infection in the AOB but no laser stimulation) were habituated to the 
test cage for 90 minutes, then left alone in the test cage for an additional 90 minutes with 
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no laser or odor stimulation. Mice that received olfactory stimulation were also 
habituated to the testing cage for 90 minutes, then either 20g of opposite sex soiled 
bedding (Group 3) or 20g of clean bedding (Group 4) was added to the test cage for 90 
minutes. At the end of testing, all mice were perfused (see Brain Histology section 
below). 
Behavioral Tests: 
All tests were carried out under red light during the dark phase of the light:dark 
cycle.  Tests were videotaped and coded prior to behavior scoring so that the investigator 
was blind to the treatment groups.  To induce behavioral estrus, females were given a s.c. 
injection of estradiol benzoate (EB, 0.5 µg in 0.05 ml sesame oil, Sigma-Aldrich) 2 days 
before, and a s.c. injection of progesterone (P, 830 µg in 0.05 ml sesame oil, Sigma-
Aldrich) 3-6 hours before testing (Bonthuis et al., 2011). At the end of each testing 
session, mice were returned to their home cage. All ArchT infected and control females 
were hormone primed to induce behavioral estrus whereupon they received two sexual 
experience sessions (pairing overnight with a sexually experienced stimulus male) prior 
to the formal start of behavioral testing.  This was done to ensure that the females would 
be maximally receptive during the study so that that any changes observed in receptivity 
during optogenetic treatment could be attributed to the acute inhibition of AOB mitral 
cell activity as opposed to lack of mating experience.  
Pheromone Preference Tests with Silencing of AOB Mitral Cells 
 Preference tests for testes-intact male urinary odors vs water were carried out on a 
subset of ArchT infected females (n = 6). For these experiments, females were attached to 
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the fiber optic cable (as previously described) and allowed to habituate to a custom built 
olfactory testing chamber with the odor ports blocked for 20 minutes (Kunkhyen et al., 
2017). Briefly, this plastic chamber consisted of two ports where odors could be 
presented to the subject with full nasal access to the stimuli. Each odor port also 
contained an infrared beam, so that when the animal broke the beam during investigation 
of the odors, the total time of each beam break would be recorded using an Arduino 
microcontroller. Odors (either intact male urine or water, 10ul) were presented on filter 
paper positioned behind a wire mesh approximately 1cm behind the infrared beam.  
Pheromone preference testing began the day after a 20-minute habituation session 
to the testing box, for a series of five consecutive tests every 4 days when the females 
were brought into estrus. On a test day, hormone primed females were attached to the 
fiber optic cable and allowed to habituate for 20 minutes to the chamber with the odor 
ports blocked. Tests 1, 2 and 4 occurred without any laser stimulation and test 3 and 5 
occurred with constant laser stimulation. The optogenetic signal was generated for the 
duration of the test by a 532 nm DPSS laser (Fiber Coupled DPSS Green Laser, Shanghai 
Laser Corp, Shanghai, China). The fiber optic was set to deliver 10 mW at the tip (as 
measured with an optical power meter, Thor Labs, Inc., Newton, New Jersey).  Similar, 
constant laser delivery parameters have been used previously to inhibit neuronal firing 
without damaging brain tissue or desensitizing the opsin (Stefanik and Kalivas, 2013; 
Tsunematsu et al., 2013).  A 532 nm LED (Luxeon Star LEDs, Ontario, Canada) 
illuminated the cage during testing to mask light escaping the junction between the patch 
cord and the fiber optic ferrule when the laser was on. At the start of each test, the odors 
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were added to the odor ports, which were then unblocked and investigation of the odor 
ports (as indexed by the total time spent breaking the infrared beams at each odor port) 
was recorded for 10 minutes. At the end of each test, females were returned to their home 
cage.  
Optogenetic Silencing of AOB Mitral Cells during Mating Tests 
All females received a series of five mating tests (tests 1, 2 and 4 without any 
laser stimulation and tests 3 and 5 with continuous laser stimulation of the AOB), and 
they were also given one 20-minute habituation session in the absence of a stimulus male 
to familiarize them with the testing conditions.  All tests were conducted in a plastic 
testing cage (26.5L x 20W x 30H cm).  At the start of each test a fiber optic patch cord 
was fastened to the ferrule secured to the head of the female, and the subject was 
transferred to a habituation cage (21L x 19W x 37H cm) for 30 minutes. During the same 
30-minute period, the stimulus male was placed into the testing cage containing a mixture 
of bedding from their home cage and clean bedding.  After the habituation period the 
female was transferred into the testing cage containing the male.  In tests 3 and 5, the 
optogenetic signal was generated for the duration of the test by a 532 nm DPSS laser as 
described for the pheromone preference tests. To begin a test, the female was placed in 
the testing cage containing the male, and courtship behavior was observed for either 20 
minutes, 20 mount attempts by the stimulus male or until the male ejaculated.  If a male 
ejaculated, it was not used for testing again on the same day.  If a male did not mount 
during a test, it was replaced with a different male so that each female received mounting 
attempts on each testing day.  Lordosis was scored when the female stood with all four 
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limbs braced on the floor during a male mount and held her snout parallel to the floor of 
the cage, without attempting to run away or sit (Bonthuis et al., 2011). Sexual receptivity 
of the females was determined during each of the 5 tests by calculating the lordosis 
quotient (LQ), which was the number of lordosis responses shown divided by the number 
of male mounts received multiplied by 100.  Sexual receptivity was further assessed by 
determining the lordosis duration in each of the 5 tests. This was calculated by dividing 
the total time spent in lordosis by the total number of lordosis events per test. Close 
investigation of the male was scored and timed when the female subject made direct nasal 
contact with the body of the stimulus male. The number of times each female crossed the 
midline of the cage during the 5 consecutive tests was also determined in order to index 
the locomotion behavior of both the ArchT infected and control females in the presence 
or absence of green laser stimulation of the AOB.   
 Brain Histology: 
After the completion of behavioral testing, mice were deeply anesthetized with 
sodium pentobarbital (150mg/kg i.p.) and perfused transcardially with 0.1M phosphate 
buffered saline (PBS, pH 7.4) and then with 4% paraformaldehyde (PFA).  Brains were 
dissected from the skull, fixed for 2 hours in 4% PFA, and cryoprotected in 30% sucrose 
for 48 hours at 4ºC.  Olfactory bulbs and the forebrains were separated and stored in OCT 
at -80ºC until sectioning.  Sagittal olfactory bulb and coronal forebrain sections (30 µm) 
were made at 18ºC using a cryostat (Microm HM 500M, Richard Allen Scientific, 
Kalamazoo, MI,).  To visualize ChR2-mCherry or ArchT-GFP infections, olfactory bulb 
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sections were mounted on gelatin-coated slides and coverslipped using Vectashield with 
DAPI counterstain (Vector Laboratories, Burlingame, CA).   
To determine the average number of infected cells (ChR2-mCherry) or the 
infection rate of ArchT-GFP infected AOB mitral cells, images were collected on an 
Olympus Fluoview FV10i inverted confocal laser scanning microscope (Olympus 
Corporation) or a Nikon Eclipse Ni-E motorized microscope (Nikon Instruments, Inc.).  
Three representative sections (medial, middle and lateral) were taken from each AOB 
hemisphere approximately 150 µm apart, and the total number of mitral cells that 
expressed ChR2-mCherry or ArchT-GFP fluorescence was counted using ImageJ 
Software (NIH).  For the infection rate of ArchT, the total number of DAPI-labeled 
neurons in the mitral cell layer of these sections was also counted in a subset of females 
receiving viral injections (n=4) to estimate the total number of cells per AOB in each 
hemisphere.  These counts were then used to estimate the percentage of mitral cells that 
were infected with ArchT-GFP in each hemisphere.  Of the ten females that received 
bilateral ArchT injections, three were subsequently excluded from the analysis based on 
negligible levels of infection in one or both hemispheres.  
For the pilot ChR2 c-Fos study, c-Fos immunohistochemistry was performed on 
forebrain sections to determine if blue laser treatment through a fiber optic implanted 
along the midline above AOBs in ChR2 infected mice was sufficient to activate neurons 
in the forebrain. Free-floating sections were washed in PBS-T, and then incubated in 
blocking solution (5% donkey serum in PBS-T) for one hour at RT. Sections were then 
incubated overnight at RT in rabbit anti-cFos primary antibody (1:1000, Santa Cruz 
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Biotechnology, Santa Cruz, CA.) Sections were washed the following day with PBS-T 
and then incubated for 1.5 hours in biotinylated donkey anti-rabbit secondary antibody 
(1:600, Jackson ImmunoResearch Laboratories, West Grove, PA). After PBS-T washes, 
sections were incubated with ABC Elite reagent (1:200, Vector Laboratories) for 1.5 
hours and washed again with PBS-T. Sections were then incubated for 10 minutes with 
0.05 M Tris-HCl buffer (pH 7.6) and staining was visualized with diaminobenzidine 
(DAB) with nickel enhancement (Vector Laboratories). Brain sections then were 
mounted on gelatin-coated slides and coverslipped with Permount.  Slides were coded so 
that the experimenter was blind to the treatment group during analysis. Light microscope 
images were captured with an Olympus (BH2) microscope equipped with a Zeiss 
AxioCam ERc5s digital camera from two sections per hemisphere in each mouse to 
determine the total number of c-Fos+ cells per standard counting area (300 µm2). Brain 
areas of interest were counted using ImageJ software (NIH) and included the anterior 
medial amygdala (MeA), the posterior medial amygdala (MeP), the medial preoptic area 
(MPA), the bed of the nucleus of the stria terminalis (BNST) and the ventromedial 
hypothalamus (VHM). 
Statistical Analysis: 
Data were expressed as mean + SEM for all treatment groups across all five 
sexual behavior tests. Two-way repeated measures ANOVAs were used to determine the 
effect of treatment in sexual behavior tests on close nasal investigation, sexual behavior 
and locomotion behavior across the five tests, and Student Newman–Keuls post hoc tests 
were used to compare pairs of mean values. Pheromone preference tests were analyzed 
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using one-tailed Students’ t-tests between average investigation time at each odor port. A 
one-tailed t-test was used for this analysis due to results of previous chemosensory 
preference tests where estrous female mice show a robust preference for non-volatile 
testis-intact male urinary cues (Keller et al., 2006a; Keller et al., 2006b; Martel and 
Baum, 2009a).  Fos results for each brain area were analyzed using One-way ANOVAs 
between treatments with Student Newman–Keuls post hoc tests. All statistical analyses 
were carried out using SigmaPlot11 software. 
 
RESULTS 
Pilot ChR2 Study for Optical Fiber Placement 
 Bilateral infections of the AOB with ChR2 were confirmed using fluorescent 
microscopy, and only those subjects with bilateral AOB infections were used in the c-Fos 
analysis (n = 6 mice with bilateral AOB ChR2 infection and laser treatment; n = 21 total 
mice in the pilot experiment) (Table 3.1). Blue laser stimulation above the AOBs in mice 
with bilateral ChR2 infections of the AOB was sufficient to increase c-fos expression in 
specific forebrain regions (Table 3.2). In the MeA, there was a significant effect of 
treatment (F3,71 = 7.279, p <0.001) with post hoc analysis showing that both soiled 
bedding exposure and blue laser stimulation in ChR2 infected animals increased c-Fos 
expression compared to either clean bedding exposure or ChR2 infection without laser. In 
the MePd there was a significant effect of treatment (F3,71 = 5.226, p = 0.003) with ChR2 
infection plus blue laser stimulation and soiled bedding exposure increasing c-Fos 
activity compared to the clean bedding group. In both the VMHvl (F3,71 = 11.735, p < 
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0.001) and the MPA (F3,72 = 5.219, p = 0.003) there was a significant effect of treatment 
with soiled bedding treatment significantly increasing c-Fos expression compared to the 
other three treatment groups. In the BNST there was a significant effect of treatment 
(F3,57 = 4.424, p = 0.007) with soiled bedding exposure significantly increasing c-Fos 
activity in the BNST compared to either clean bedding or ChR2 infection in the absence 
of blue laser stimulation. There was no difference in this brain region with ChR2 
infection plus laser treatment compared to soiled bedding exposure, or compared to both 
clean bedding exposure and ChR2 infection without laser treatment.  
ArchT AOB Infections 
Bilateral infections of the AOB with ArchT were confirmed using fluorescent 
microscopy in all subjects whose data were used in the behavioral analyses (n=7 for 
mating behavior tests; n = 4 for odor preference tests) (Fig. 3.1; Table 3.3). GFP-
fluorescent cell bodies indicative of ArchT infection were observed in the AOB mitral 
cells of the experimental subjects, and fluorescent axonal processes were also observed in 
the ipsilateral medial amygdala, which is a main target of AOB axonal inputs (Kang et 
al., 2011a).  Approximate infection rates for each hemisphere were estimated to be 
between 2 and 4% of all AOB mitral cells, based on counts of fluorescing mitral cells and 
DAPI counterstaining of all cells in the mitral cell layer in a subset of the experimental 
animals (Table 3.3).  These values likely represent an underestimate of infection rates as 
DAPI stains glia in addition to neurons (Loesel et al., 2006), thereby inflating the 
denominator of the fraction used to calculate ArchT infection rates in the mitral cells.  
Inspection of sagittal brain sections revealed some fluorescent mitral cell bodies along 
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with fluorescent axonal processes in the dorsal portion of the main olfactory bulb (MOB) 
abutting the AOB in both hemispheres of all subjects used in behavioral studies (Fig 3.2).   
Optogenetic Inhibition of AOB Mitral Cells in Pheromone Preference Tests 
 The effect of optogenetic inhibition of AOB mitral cells during pheromone 
preference testing was inconclusive (Fig 3.3). A preference for testis-intact male urine 
was observed during the first presentation of testis-intact male urine compared to water 
when the laser was absent (t6 = 1.987, p = 0.047), but this preference was not observed in 
test 2 or test 4 where the green laser was also absent. In test 3 and 5, where optogenetic 
stimulation of the ArchT opsin was continuously applied there was no preference for 
male urine compared to water but this result needs to be viewed cautiously as a reliable 
opposite sex odor preference was not observed in the absence of green laser stimulation 
in this study. 
Optogenetic Inhibition of AOB Mitral Cells during Mating Behavior Tests 
 Optogenetic inhibition of activity in AOB mitral cells in females infected with 
ArchT resulted in significant reductions in LQs during tests 3 and 5 whereas application 
of the laser above the AOBs of non-infected control females failed to suppress LQs 
during these tests (Fig. 3.4A).  Thus there was a significant group x test interaction effect 
(F4,56 = 3.904, p = 0.010), and post hoc analysis showed that LQs of ArchT infected 
females were significantly lower than those of non-infected control females when the 
laser was applied above the AOBs during tests 3 and 5.   
Although there was a trend for lordosis duration values to be higher in ArchT-
infected vs non-infected control females across the 5 tests (Fig. 3.4B), this difference was 
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not significant. Application of the green laser over the AOB failed to affect the locomotor 
activity of either group of females (Fig. 3.4C) or the close nasal investigation behavior of 
either group of females (Fig. 3.5), suggesting that the significant reductions in LQ’s seen 
in Arch T infected females (Tests 3 and 5) did not reflect some non-specific action of this 
optogenetic stimulus.  There was a significant difference between the total number of 
mounts received per group (Table 3.4), with the non-infected control group receiving 
more mounts (t55 = 2.689, p = 0.009), which can be attributed to the ArchT-infected 
females showing less receptivity in later tests when the laser was applied.  Within each 
treatment group, however, there was no significant difference in the number of mounts 
received between tests when the laser was switched on (tests 3 and 5) versus when the 
laser was not activated (tests 1, 2 and 4). 
 
DISCUSSION  
Optogenetic inhibition of activity in AOB mitral cells reduced LQs in ArchT-
infected females, but not in non-infected control females, when the green laser was 
turned on over the AOB continuously during tests 3 and 5 in mating behavior tests.  
These reductions in females’ LQs could not be explained by differences in the number of 
mounts received by ArchT infected females when the laser was or was not activated 
across the 5 consecutive tests.  Compared with tests 3 and 5, the LQs of ArchT infected 
females returned to a high value on the intervening test 4 when the laser was not applied.  
These results show that acute reductions of VNO inputs to the AOB/forebrain circuits 
controlling lordosis reduce the expression of this behavior, even in females with previous 
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mating experience. The observed acute reductions in LQs by optogenetic inhibition of 
AOB mitral cell activity were statistically significant, but did not completely eliminate 
the lordosis response.  This outcome may reflect the fact that only a small percentage of 
AOB mitral cells was successfully infected bilaterally with Arch. It should be noted that 
the rate of neural ArchT infection in our study is comparable to that estimated in another 
study (Znamenskiy and Zador, 2013).  In our study the optogenetic silencing of even a 
small percentage of AOB mitral cells, thereby preventing some aspects of VNO signaling 
in response to male pheromones, successfully reduced LQs. During the assessment of 
ArchT-infection of AOB mitral cells, no damage (either tissue lesions or scarring) was 
observed in the infected AOBs.  This suggests that the reduction in LQs observed on test 
days 3 and 5 in the ArchT-infected animals compared to the controls was specifically due 
to optogenetic inhibition of AOB mitral cell activity as opposed to persistent damage to 
the AOB. Finally, our results complement those of several previous studies in which 
surgical removal of the VNO (Keller et al., 2006b; Martel and Baum, 2009a), lesions of 
the AOB (Martel and Baum, 2009a), as well as experimental mutation of the VNO 
receptor, V2Rp5, (Haga et al., 2010) reduced LQs in sexually naïve estrous female mice.   
 The main olfactory system also plays a role in females’ processing of male 
pheromones and the resultant expression of feminine courtship behavior (Baum and 
Cherry, 2015; Keller et al., 2006a; Ma et al., 2002).  Previous research has shown that 
there is a population of mitral cells in the ventral region of the main olfactory bulb 
(MOB) that project to the medial amygdala  (Bader et al., 2012a; Thompson et al., 2012) 
and which are activated male pheromonal cues (Kang et al., 2009; Lin et al., 2004). The 
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dorsal MOB, however, has been shown to specifically detect predator as opposed to 
sexually relevant pheromones (Kobayakawa et al., 2007). In our experiment, the Pcdh21-
Cre subjects expressed Cre-recombinase in the mitral cells of both the AOB and the 
MOB, although the injections of the Cre-dependent AAV were centered in the AOB.  
While the ArchT infected females always showed some spread of the virus into the mitral 
cells located in the dorsal region of the MOB, no infected cell bodies were observed in 
the ventral region of the MOB.  Also the positioning of the fiber optic ferrule directly 
above the center of the AOBs likely prevented the spread of laser light into the ventral 
MOB. As a result, it seems likely that we were optogenetically inhibiting AOB mitral 
cells as opposed to those MOB mitral cells that are potentially activated by male 
reproductive pheromones. 
 It was surprising that the duration of lordosis was not reduced by optogenetic 
stimulation of ArchT infected females during tests 3 and 5.  Indeed, if anything the 
duration of lordosis on test 5 tended to be higher in ArchT infected than in non-infected 
control females when the laser was activated.  This outcome finds a parallel with the 
results of the experiment described in Chapter 2 of this thesis in which priming with male 
pheromones augmented lordosis duration, when it occurred, without affecting females’ 
LQs. It was possible that the green laser stimulation of the AOB could have caused 
ArchT-infected animals (and even control mice) to stop displaying all overt behaviors 
instead of simply the expression of lordosis.  Alternately, green laser stimulation could 
have stimulated locomotion in infected females, making it more difficult for the male to 
initiate mating. An analysis of locomotion during the mating tests revealed, however, that 
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there was no difference in this behavior (as measured by total number of times each 
female crossed the midline of the cage during each test) between the ArchT infected and 
control females on any of the test days regardless of whether or not the laser was 
switched on.  Close nasal investigation directed towards the stimulus male both in ArchT-
infected and in non-infected female subjects during the five consecutive tests was also 
observed.  Again, there was no difference in close nasal investigation of the stimulus 
male between either treatment group in the presence or absence of green laser 
stimulation. Taken together, these results indicate that the reduction in LQ observed in 
ArchT infected females when the green laser was applied to the AOB was specific to this 
receptive behavior and not the result of a more general alteration of females’ locomotor 
activity or investigation of the stimulus male. 
 Pilot studies with ChR2 infection in the AOB mitral cells, confirmed that blue 
laser activation of AOB mitral cells through a single fiber optic implanted over the 
midline of the AOBs was sufficient to increase the activity of neurons in the MeA and the 
MeP compared to clean bedding controls. These increases in c-Fos activity were similar 
to the increase in c-Fos activity observed in these brain regions when mice were given 
full nasal access to opposite- sex soiled bedding. These brain regions receive the majority 
of direct axonal mitral cell projections from the AOB (Kevetter and Winans, 1981a; 
Scalia and Winans, 1975). The results of this experiment indicate that laser stimulation 
from a single fiber is sufficient to activate opsins in infected mitral cells from both AOBs 
in our experimental set-up.   
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 In conclusion, acute optogenetic inhibition of AOB mitral cells during mating 
events in sexually experienced female subjects decreased their LQs, further highlighting 
the importance of the ongoing function of the accessory olfactory system in female 
rodent reproduction. Future studies looking at the timing of inhibition during specific 
parts of the mating sequence (either during close investigation behavior or the reception 
of a mount) will further pinpoint when during the mating sequence proper functioning of 
the accessory olfactory system is required for feminine courtship behavior. 
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Figure 3.1: 
Examples of the distribution of ArchT-GFP infected mitral cells in the accessory 
olfactory bulb (AOB) and ArchT-GFP fluorescent axons coursing to the medial 
amygdala.  Panel A shows a photomicrograph from a sagittal section of Nissl-stained 
AOB. Panel B shows an epifluorescent photomicrograph of ArchT-GFP staining in the 
AOB; inset: confocal micrograph of ArchT-GFP staining in the AOB from the white 
boxed region. Panel C shows a high magnification of merged ArchT-GFP and DAPI 
staining in the AOB. Panel D shows ArchT-GFP staining in the axons of AOB mitral 
cells that project to the medial amygdala.  Abbreviations:  ML = AOB mitral cell layer; 
GC = AOB glomerular layer; LOT = lateral olfactory tract; GL = AOB granule cell layer;  
MeA = medial amygdala. White arrows in the panel B high magnification insert point to 
two ArchT-GFP expressing AOB mitral cells. White arrows in panel C point to two 
mitral cells expressing both ArchT-GFP and DAPI. 
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Figure 3.2:  
Examples of the distribution of ArchT-GFP infected mitral cells in sagittal brain sections 
of the main olfactory bulb (MOB) compared to the accessory olfactory bulb (AOB). 
Grayscale epifluorescent photomicrograph of the spread of ArchT-GFP staining in the 
AOB and MOB of the medial (Panel A), middle (Panel B) and lateral (Panel C) portions 
of the olfactory bulb. ArchT-GFP infection in the MOB is limited mainly to the dorsal 
portion of the MOB.  
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Figure 3.3: 
Effect of optogenetic inhibition (green laser on continuously above the AOB during tests 
3 and 5) of activity in accessory olfactory bulb (AOB) mitral cells on opposite sex 
pheromone preference in ArchT-infected estrous female mice. Pheromone preference was 
indexed as the total amount of time (in seconds) spent nose poking at the odor port 
containing either testis-intact male urine or water (n = 4 ArchT-infected females). Each 
consecutive test was separated by 4 days. Data are expressed as mean +/- SEM; four 
females with bilateral ArchT-infection were tested. * p < 0.05 comparison between odor 
ports. 
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Figure 3.4:  
Effect of optogenetic inhibition (green laser on continuously above the AOB during tests 
3 and 5) of activity in accessory olfactory bulb (AOB) mitral cells on the display of 
lordosis in response to mounts from a stimulus male and on locomotor activity in 
sexually experienced, ArchT-infected, estrous female mice. Data from non-infected, 
control females are shown for comparison. Females’ receptive behavior is indexed (panel 
A) as lordosis quotients, and (panel B) as the duration of lordosis (seconds in the lordosis 
posture/number of lordosis events). Females’ locomotor activity is indexed (panel C) by 
the total number of midline crosses in the cage during each test. Each consecutive test 
was separated by 4 days. Data are expressed as mean +/- SEM; the number of subjects in 
each group is given in parentheses, except that in the ArchT infected group the n for test 
4 was 6 and for test 5 was 5.  * p < 0.05 post hoc between groups comparisons; # p < 0.05 
post hoc within groups comparisons for Arch T infected females between values for test 4 
vs tests 3 and test 5.    
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Figure 3.5: 
Effect of optogenetic inhibition (green laser on continuously above the AOB during tests 
3 and 5) of activity in accessory olfactory bulb (AOB) mitral cells on the percentage of 
time spent in close nasal contact with the body of the stimulus male in sexually 
experienced, ArchT-infected, estrous female mice. Data from non-infected, control 
females are shown for comparison. Each consecutive test was separated by 4 days. Data 
are expressed as mean +/- SEM; the number of subjects in each group is given in 
parentheses, except that in the ArchT infected group the n for test 4 was 6 and for test 5 
was 5. * p < 0.05 post hoc between groups comparisons; # p < 0.05 post hoc within 
groups comparisons for Arch T infected females between values for test 4 vs tests 3 and 
test 5.    																					
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CHAPTER FOUR 
DREADD-induced Silencing of the Medial Amygdala Reduces the Preference for Male 
Pheromones and the Expression of Lordosis in Estrous Female Mice 
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Abstract 
Sexually naïve estrous female mice prefer to investigate male vs female urinary 
pheromones; however, they initially display little receptive (lordosis) behavior in 
response to male mounts.  Previous research has implicated vomeronasal (VNO) – 
accessory olfactory bulb (AOB) inputs to the medial amygdala (Me) in the regulation of 
both of these aspects of courtship in female rodents.  We used a reversible inhibitory 
chemogenetic technique (Designer Receptors Exclusively Activated by Designer Drugs; 
DREADDs) to assess the contribution of Me signaling to females’ preference for male 
pheromones and to the progressive improvement in receptivity normally seen with 
repeated testing.  Sexually naïve females received bilateral Me injections of an adeno-
associated virus carrying an inhibitory DREADD receptor.  Females were later 
ovariectomized, treated with ovarian hormones, and given a series of behavioral tests 
following intraperitoneal injections of saline or clozapine-N-oxide (CNO; which 
hyperpolarizes infected Me neurons).  CNO blocked females’ preference to make nasal 
contact with male vs female urinary odors and slowed the progressive increase in lordosis 
quotients otherwise seen in saline-treated females.  No disruptive behavioral effects of 
CNO were seen in a group of estrous females lacking DREADD infections of the Me.  In 
a terminal experiment, CNO significantly attenuated the ability of male pheromones to 
stimulate Fos expression in the Me of DREADD-infected mice but not in non-infected 
females.  Our results affirm the importance of Me signaling in females’ preference for 
male pheromones and in the experience-dependent increase in receptivity normally seen 
after repeated tests with a stud male.  
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Introduction 
The medial amygdala (Me) is an important chemosensory integration center in the rodent 
brain that responds to a wide range of pheromonal cues critical for reproduction.  The Me 
receives olfactory information via projections from both the accessory and main olfactory 
systems (Baum and Cherry, 2015).  In the mouse accessory olfactory system (AOS), 
sensory neurons in the vomeronasal organ (VNO) detect non-volatile, heavy molecular 
weight chemosignals. These VNO neurons, in turn, convey sensory inputs to the 
accessory olfactory bulb (AOB) (Baum and Kelliher, 2009; Restrepo et al., 2004). AOB 
mitral cells then project to the Me, which in turn projects to the bed nucleus of the stria 
terminalis (BNST) as well as hypothalamic regions including the ventromedial 
hypothalamus (VMH) and medial preoptic area (MPA).  Chemosensory inputs along this 
pathway control reproductive behaviors in rodents of both sexes (Choi et al., 2005; 
Kevetter and Winans, 1981b; Pardo-Bellver et al., 2012).  The Me also receives 
information about volatile, low molecular weight chemosensory cues detected by the 
main olfactory system (MOS) via direct projections from mitral cells in the ventral 
portion of the main olfactory bulb (MOB) (Bader et al., 2012a; Kang et al., 2011a; Pro-
Sistiaga et al., 2007; Thompson et al., 2012).  In both male and female mice pheromonal 
inputs from the main and accessory olfactory systems are integrated in the Me (Kang et 
al., 2009; Kang et al., 2011b; Scalia and Winans, 1975).  
The Me plays an important role in controlling the expression of both 
paracopulatory and receptive mating behavior in female mice.  Neurons in different 
subregions of the Me express the immediate early gene, c-Fos, in response to pheromonal 
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stimuli based on the salience of the stimulus (Samuelsen and Meredith, 2009).  
Electrophysiological experiments have shown that neurons in the Me respond selectively 
to chemosensory stimuli from same sex as well as opposite sex conspecifics (Bergan et 
al., 2014).  Past mating experience can also alter Me responsiveness to different 
pheromonal stimuli.  Thus female mice with recent mating experience showed decreased 
expression of Fos in the Me in response to soiled bedding from a familiar (mating strain) 
male vs an unfamiliar (different strain) male.  By contrast, sexually naïve female mice 
previously exposed only to soiled male bedding had high levels of Me Fos expression in 
response to both unfamiliar and familiar male chemosignals (Halem et al., 2001b). 
Exposure to exocrine gland-secreting peptide 1 (ESP1), a putative pheromone found in 
the tear secretions of male mice, increased the expression of Fos in the Me of both male 
and female mice and augmented the expression of lordosis behavior in estrous females 
(Haga et al., 2010).  
Electrolytic lesions that extended across the anterior and posterior extent of the 
Me in sexually naïve female mice decreased lordosis behavior (DiBenedictis et al., 2012).  
In the same study, lesions of the Me also reduced females’ preference to investigate 
testes-intact male urine versus castrated male urine. This result further highlights the role 
of the Me in processing pheromonal stimuli that facilitate courtship behavior in female 
mice. Optogenetic silencing of the projection neurons from the AOB to the Me in 
sexually experienced females also reduced lordosis (McCarthy et al., 2017).  This result 
suggests that chemosensory inputs to the Me from the AOB are required for female mice 
to show full receptivity even after the prior receipt of mating experience.  
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Numerous previous studies found that sexually naïve estrous female mice initially 
show low levels of lordosis in response to male mounting whereas progressively higher 
levels of receptivity are displayed over repeated test days with a stud male (Bonthuis et 
al., 2011; Ismail et al., 2011; Laroche et al., 2009a, b; McCarthy et al., 2017; Thompson 
and Edwards, 1971). The role of the Me in this progressive increase in the expression of 
lordosis with repeated mating experience is unknown.  We used an inhibitory 
chemogenetic technique, known as Designer Receptors Exclusively by Designer Drugs 
(DREADDs), that allows for acute, reversible silencing of neuronal populations to look 
more closely at the role of the Me in controlling the expression of courtship behaviors of 
estrous female mice.  This technique has been used in numerous rodent studies to look at 
the impact of reversible silencing of neuronal populations in awake behaving animals 
(DiBenedictis et al., 2015; Krashes et al., 2011; Shemesh et al., 2016; Soden et al., 2016).  
We injected an inhibitory DREADD bilaterally into the Me of sexually naïve female 
mice and studied the impact of i.p. injections of clozapine-N-oxide (CNO; to inhibit 
neuronal activity in the Me) or saline on the investigation of opposite- vs same-sex 
urinary odors in this cohort of mice and in non-infected females.  All females were also 
tested after saline versus CNO treatment over five consecutive mating tests with a stud 
male in order to assess the impact of silencing Me neurons on the expected, progressive 
improvement in females’ receptivity.  The saline and CNO treatments were then switched 
during 2 additional mating tests to study behavioral effects of either acute silencing of Me 
neurons in sexually experienced estrous females or of removing the Me inhibition that 
had prevailed over prior tests. Finally, the efficacy of CNO-induced inhibition of 
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neuronal activity in DREADD-infected vs non-infected females was confirmed in a 
terminal experiment that compared Fos expression in the Me of different groups of 
female subjects following exposure to male pheromones.   	
Materials and Methods 
Subjects  
Swiss Webster female (n=42) and male mice (n=16) (age 5-7 weeks; Charles River 
Laboratories, Wilmington, MA) were purchased.  Females were group housed (3-4 mice 
per cage), and males were individually housed after receiving sexual experience with an 
estrous female.  Two cohorts of female mice were used in this study. One cohort was 
bilaterally injected in the Me with an adeno-associated virus containing an inhibitory 
DREADD (n = 24) (see below for details), and a second cohort received no DREADD 
infections of the Me (n = 13).   Mice were maintained on a reversed 12:12 h light:dark 
cycle with food and water available ad libitum.  All procedures were approved by the 
Boston University Charles River Campus Institutional Animal Case and Use Committee. 
Surgery 
The first cohort of female mice (sexually naive, age 6-7 weeks, n=24) were anaesthetized 
using 2% isoflurane and placed in a stereotaxic apparatus (David Kopf Instruments, 
Tujunga, CA). A DREADD vector construct packaged in an adeno-associated virus was 
injected bilaterally into the Me.  This construct (AAV5/hSyn-HA-hM4Di-IRES-mCitrine, 
obtained from the University of North Carolina Vector Core, Chapel Hill, NC) contains a 
modified G-protein coupled receptor (hM4Di) that, after binding to its non-endogenous 
ligand, CNO, activates inward-rectifying potassium channels, resulting in 
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hyperpolarization (Armbruster et al., 2007; Ferguson et al., 2011; Rogan and Roth, 2011; 
Stachniak et al., 2014).  Reduced excitability of neurons expressing hM4Di has been 
observed in whole-cell recording from slices containing infected neurons in the presence 
of CNO (Soden et al., 2016).  Injections were made using a 5-µl Hamilton Syringe with a 
30-ga needle (Hamilton Company, Reno, NV) and a Quintessential Stereotaxic Injector 
(Stoelting, Wood Dale, IL).  Mice were injected with 0.3 - 0.4 µl of virus per site at a rate 
of 0.15 - 0.2 µl/minute using the following stereotaxic coordinates: 3.2 mm rostral to the 
interaural line, 2 mm lateral to the midline and 4.9 mm below the dura (DiBenedictis et 
al., 2012).  These coordinates were used to infect the center of the Me with the aim of 
facilitating viral spread into both the anterior and posterior regions.  After each injection, 
the needle remained in place for 10 minutes before slowly being withdrawn over 60 s. 
The incision was closed with sutures, and mice were allowed to recover before being 
returned to their home cages.  Subjects were given analgesic (Carprofen, 5 mg/kg, s.c.) 
on the day of surgery and for 2 subsequent days.  One week later female subjects 
underwent bilateral ovariectomy under 2% isoflurane anesthesia and received post-
operative care as described above.  All behavioral experiments began 3 weeks after virus 
injection.  As already stated, we prepared a second cohort of females that received no 
DREADD infections of the Me in order to insure that CNO treatment alone did not 
interfere with females’ pheromone preference or their display of lordosis.  These subjects 
simply underwent bilateral ovariectomy 2 weeks before the start of the same sequence of 
hormone treatments and behavioral experiments that was given to the first cohort of 
DREADD-infected females. 
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Pheromonal Stimuli 
Urine presented in chemosensory preference tests and in the terminal experiment 
confirming the efficacy of DREADD silencing of Me neurons was collected from 
sexually naïve adult male mice (n=8) and from sexually naïve, ovariectomized, hormone-
primed females (n=4).  Females were brought into behavioral estrus with a s.c. injection 
of estradiol benzoate (EB, 0.5 µg in 0.05 ml sesame oil, Sigma-Aldrich) 2 days before, 
and a s.c. injection of progesterone (P, 830 µg in 0.05 ml sesame oil, Sigma-Aldrich) 3-6 
hours before urine collection (Bonthuis et al., 2011).  These females were also used to 
give sexual experience to the stud males used to test female subjects’ lordosis; males 
were considered sexually experienced after two overnight pairings with an estrous 
female.  Male and female urine was collected using a metabolic chamber. Urine from 
each sex was pooled and stored in 1-ml aliquots at -80oC.  Soiled male bedding for use in 
the terminal experiment was collected from group-housed males placed in a cage with 
clean bedding for 4 days.  Soiled bedding was pooled in plastic bags and stored at -80oC.  
Behavioral Tests 
Behavioral testing and terminal odor exposure were carried out in both DREADD-
infected and non-infected subjects under dim red light in plastic test cages (29L x 18W x 
13H cm) with wire cage lids during the dark phase of the light:dark cycle.  All tests were 
videotaped and coded to ensure that the investigator scoring the tests was blind to the 
treatment groups.  Prior to each behavioral test, female subjects were given s.c. injections 
of EB and P as described above, and, depending on the treatment group, were injected i.p. 
with either CNO (1 mg/kg, Enzo Life Sciences, Farmingdale, NY) or sterile saline 30 
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minutes before the start of each behavioral test.  This dosage and timing of CNO 
administration has been used in previous studies to effectively activate DREADD 
receptors (Ferguson et al., 2011; Kozorovitskiy et al., 2012; Soden et al., 2016).  
Chemosensory Preference Tests  
Sexually naïve females treated with EB+P prior to each test received 4 preference tests 
for testes-intact male urine versus estrous female urine, with tests being separated by 4 
days.  Twenty-four hours before each test, female subjects were isolated in the test cage. 
Thirty minutes prior to each session food and water were removed, and subjects were 
injected with either CNO or saline. Pairs of urine samples (20 µl) were then presented on 
pieces of filter paper taped to square plastic weigh boats placed on the cage lid 
approximately 7 cm apart.  Treatments were counterbalanced so that half of the female 
mice in each cohort received saline injections on test days 1 and 3 and CNO on test days 
2 and 4 while the other half of each cohort received the opposite sequence of injections.  
Each test day consisted of a simultaneous presentation of both urinary odors for 5 min 
followed by a 5 min time out period.  On the same test day subjects then received a 
second session when both urinary odors were again presented simultaneously for 5 min.  
On each test day the two 5-min sessions used to assess females’ urinary odor preferences 
differed such that during one session the urinary stimuli were presented behind a fine 
wire mesh to prevent subjects from making direct nasal contact and in the other session 
urinary stimuli were presented without the wire mesh in order to allow direct nasal 
contact. On each test day the order with which the urinary stimuli were presented (either 
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with or without allowing nasal contact) and the side of the cage top where the urinary 
odors were placed was alternated to prevent any side bias.   
Sexual Behavior Tests 
Beginning four days after the completion of urinary pheromone preference tests, 7 sexual 
behavior tests were administered once every 4 days to EB+P females of both the 
DREADD-infected and non-infected cohorts.  Twenty-four hours prior to testing, stud 
males were placed into a test cage containing a mixture of bedding from their home cage 
and clean bedding, with food and water available.  Thirty minutes before testing, females 
were injected i.p. with either saline or CNO and placed into a plastic holding cage 
containing clean bedding. Each female was then placed in the cage containing the stud 
male, and courtship behavior was observed either for 20 minutes, until 20 mounting 
attempts by the male had occurred, or until the male ejaculated.  Mice were returned to 
their home cages at the end of each testing session. Over the first 5 tests, one group of 
female subjects in each cohort received i.p. saline injections while a second group in each 
cohort received i.p. CNO injections 30 min prior to each test.  In test 6, the treatments 
were switched so that the saline group received CNO and the CNO group received saline.  
In test 7, the treatments were switched back again so that subjects were treated as in tests 
1-5.  Sexual receptivity was scored by recording the number of times the female subject 
showed lordosis (defined by the display of an arched back posture while braced on all 
four legs during each mounting attempt) (Bonthuis et al., 2011; DiBenedictis et al., 2012) 
and by calculating the lordosis quotient (LQ; number of lordosis responses observed 
divided by the number of male mount attempts multiplied by 100). The latency to the first 
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expression of lordosis was also determined in each test. The amount of time that the 
female spent in nasal contact with the body of the stud male (defined as physical contact 
with the nose on the body of the male) was also recorded. The body of the male was 
divided into three regions for analysis: the face (consisting of the snout, eyes and head), 
the back (consisting of both the dorsal and ventral portion of the male’s trunk and legs) 
and the anogenital region. The number of times that female subjects in both cohorts 
crossed the midline of the cage during each sexual behavior test was also recorded to 
evaluate locomotor activity. The total number of mounts received per test as well as the 
percentage of mounts received with intromissions were also determined. 
Terminal Odor Exposure 
Terminal sessions were carried out in plastic cages containing 20g of soiled bedding from 
testes-intact males plus 1 ml urine from testes-intact males sprayed onto the soiled 
bedding.  EB and P primed females from both cohorts of mice were injected i.p. with 
CNO or saline. Thirty minutes later female subjects were placed in the exposure cage 
containing soiled male bedding and urine in a darkened, odor-free fume hood for 90 
minutes. Females were then anaesthetized with sodium pentobarbital (150 mg/kg i.p.) and 
transcardially perfused with 0.1 M phosphate buffered saline (PBS) followed by 4% 
paraformaldehyde in 0.1 M PBS.  Brains were removed, postfixed in 4% 
paraformaldehyde for 2 hours, and then cryoprotected in 30% sucrose for 48 hours.  
Forebrain and olfactory bulb tissues were blocked and stored at -80oC in OCT (Tissue-
Tek, IN).  
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Histological Methods 
Coronal forebrain sections (30 µm thick) from female subjects in both the DREADD-
infected and non-infected cohorts were cut at -20oC using a Microm cryostat (Richard 
Allen Scientific, Kalamazoo, MI).  Sets of adjacent sections were used to determine the 
extent of DREADD infections (all mice in cohort 1), to quantify neuron-specific nuclear 
protein marker (NeuN) staining in the Me (in a subset of 6 females from cohort 1), and to 
quantify neuronal Fos staining after the terminal exposure to male pheromones (all mice 
in both cohorts 1 and 2).  
To visualize DREADD-infected Me cells, immunostaining was carried out using 
an anti-green fluorescent protein (GFP) antibody. This antibody also labels mCitrine, the 
reporter that is co-expressed with hM4Di in the viral construct used in this study (Colwill 
and Graslund, 2011; DiBenedictis et al., 2015).  Free-floating sections were washed in 
PBS (pH 7.4) and then in 0.1% Triton-X 100 in PBS (PBS-T).  Sections were incubated 
in blocking solution (0.25% normal donkey serum in PBS-T; Jackson Immuno Research, 
West Grove, PA) for 1 hour at room temperature (RT), followed by incubation overnight 
at 4oC in anti-GFP primary antibody (1:5000; MLB International, Woburn, MA).  Tissues 
were then incubated in secondary antibody (1:600; Alexa Fluor 488 donkey anti-goat; 
Life Technologies, Carlsbad, CA), and washed in PBS-T before mounting on gelatin-
coated slides and coverslipping with Vectashield containing DAPI counterstain (Vector 
Laboratories, Burlingame, CA).  Images were collected on a Nikon Eclipse fluorescent 
microscope. The extent of DREADD infection across the entire Me was mapped 
bilaterally for every subject in cohort 1 onto consecutive coronal brain sections adapted 
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from  a mouse brain atlas (Paxinos and Franklin, 2008).  Females in cohort 1 with either 
no Me DREADD infection or with a unilateral Me DREADD infection were excluded 
from the study (n = 8).   
To estimate the percentage of mCitrine-immunoreactive (IR) cells that were 
neurons (as opposed to glia) in that portion of the Me that was maximally infected with 
the inhibitory DREADD, hM4Di, six females were randomly chosen from cohort 1.  The 
number of mCitrine-IR cells in two sections 150µm apart at the approximate center of the 
DREADD infection (indexed by the highest number of mCitrine-IR neurons) in the Me 
from each hemisphere was counted (using Image J obtained from the NIH) in images 
captured with a Nikon Eclipse fluorescent microscope.  Two sections immediately 
adjacent to the two mCitrine-stained sections chosen for analysis from these six females 
were stained for NeuN, which specifically labels neurons.  Free-floating brain sections 
were treated with 40% methanol and 3% hydrogen peroxide in PBS for 10 minutes, then 
washed in PBS-T prior to an hour incubation in blocking serum (5% normal horse serum 
in PBS-T; Vector Laboratories) at RT.  Sections were incubated overnight at RT in NeuN 
primary antibody (1:5000; EMD Millipore).  The next day sections were washed in PBS-
T, and then incubated for 1.5 hours in a universal secondary antibody in blocking serum 
(1:200, Vectastain Universal Quick Kit, Vector Laboratories). After PBS-T washes, 
sections were incubated with ABC Elite reagent (1:200, Vector Laboratories) for 1.5 
hours and washed again with PBS-T.  Prior to visualization with diaminobenzidine 
(DAB) with nickel enhancement (Vector Laboratories), sections were incubated for 10 
minutes with 0.05 M Tris-HCl buffer (pH 7.6).  Brain sections were mounted on gelatin-
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coated slides and coverslipped with Permount.  Images were again captured with a Nikon 
Eclipse fluorescent microscope, and the number of Me NeuN-IR cells in the two selected 
brain sections from each hemisphere was counted using ImageJ.  To estimate the 
percentage of DREADD-infected neurons in the relatively small portion of the Me that 
was maximally infected in each hemisphere, the average number of mCitrine-IR neurons 
from the two sections counted was divided by the average number of NeuN-IR neurons 
from the two adjacent sections counted and multiplied by 100. A grand mean of these 
values for the 12 hemispheres (6 female subjects) was computed and served as an 
estimate of the percentage of DREADD-infected Me neurons across all of the subjects 
from cohort 1 that received behavioral tests.   
Forebrain sections from all female subjects were immunostained for Fos protein 
as an index of pheromone-induced neuronal activation, and the ability of CNO treatment 
to block this Me Fos response was studied in DREADD as well as non-DREAAD 
infected subjects. Briefly, brain sections were washed in PBS-T, and incubated in 
blocking solution (5% donkey serum in PBS-T) for one hour at RT. Sections were then 
incubated overnight at RT in rabbit anti-Fos primary antibody (1:1000, Santa Cruz 
Biotechnology, Santa Cruz, CA). Sections were washed the following day with PBS-T 
and then incubated for 1.5 hours in biotinylated donkey anti-rabbit secondary antibody 
(1:6000, Jackson ImmunoResearch Laboratories, West Grove, PA). After PBS-T washes, 
sections were incubated with ABC Elite reagent and DAB as described above for NeuN 
staining.  Brain sections were mounted on gelatin-coated slides and coverslipped with 
Permount.  Slides were coded so that the experimenter was blind to the treatment group 
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during analysis. Light microscope images were captured with an Olympus (BH2) 
microscope equipped with a Zeiss AxioCam ERc5s digital camera. To quantify Fos 
expression in cohort 1, the number of Fos-IR cells was counted using Image J in two 
anatomically matched sections that included the portion of the Me with the largest 
DREADD-infection. In cohort 2 (where females did not receive bilateral DREADD 
infections of the Me), the number of Fos-IR cells was quantified by randomly pairing 
females in cohort 2 with females in cohort 1 and counting Fos-IR neurons in two 
forebrain sections covering approximately the same region of the Me as was counted for 
each female in cohort 1. Mean numbers of Fos-IR cells per standard counting area (300 
µm2 ) were calculated for each animal. 
Statistical Analysis 
For the chemosensory preference tests, a difference score was computed as the 
total time that female subjects spent investigating male urine minus the total time spent 
investigating female urine. Within test days 1 and 2, the sessions during which subjects 
were treated with saline were averaged together and the sessions during which subjects 
were treated with CNO were averaged together. The same was done over test days 3 and 
4. The total time that subjects spent investigating both urinary odors was also determined 
after either CNO or saline treatments given over test days 1 and 2 and again over test 
days 3 and 4.  The difference scores were analyzed using paired 1-tailed Student’s t-tests 
to determine whether females preferred to investigate male over female urine. One-tailed 
t-test comparisons were used because prior results (DiBenedictis et al., 2012; Keller et 
al., 2006b; Martel and Baum, 2009a) showed that disruption of AOS signaling blocked 
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the preference of estrous female mice to investigate/make nasal contact with male urinary 
chemosignals.  LQ, male behavior and close nasal investigation times from the first 5 
mating tests during which the drug treatments were kept constant for the 2 groups of 
female subjects in both DREADD-infected and non-infected cohorts were analyzed using 
two-way repeated measures ANOVAs, with Treatment (Saline versus CNO) and Test 
Day (1 – 5) as factors.  Student Newman–Keuls post hoc tests were used to compare pairs 
of mean values. Then data from test 5 were compared to 1est 6 (where the treatment was 
switched), and test 6 was compared to test 7 (where the treatment was switched back to 
the original) using paired one-tailed Student’s t-tests. For analysis of close nasal 
investigation directed by female subjects towards different male body regions between 
treatments in test 1, 1-tailed Student’s t-tests were used.  Paired 1-tailed Student’s t-tests 
were also used to compare females’ investigation directed towards different male body 
regions between test 5 and test 6 (when treatments were switched from CNO to saline). 
Odor-induced Fos expression after exposure to male urinary odors after either saline or 
CNO injection was analyzed using two-tailed Student’s t-tests for both DREADD 
infected and non-infected groups.  All statistical analyses were carried out using 
SigmaPlot11 software. 
 
Results 
Chemosensory Preference Tests  
 In estrous female mice previously given bilateral Me DREADD infections, 
treatment with CNO decreased the preference to investigate testes-intact male urinary 
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odors compared to estrous female urinary odors when nasal contact with the stimuli was 
allowed (Fig. 4.1A), but not when no nasal contact (non-contact; volatiles only) was 
allowed (Fig. 4.1B). The preference to investigate male over female urinary odors when 
nasal contact was allowed decreased significantly on test days 1 and 2 (t15 = 2.337, p = 
0.017) and again on test days 3 and 4 (t15 = 3.732, p = 0.001) when mice were treated 
with CNO compared to Saline.  Control females that lacked Me DREADD infections 
showed no change in their preference for male vs female urinary stimuli when treated 
with CNO vs saline, regardless of whether or not nasal contact with the stimuli was 
allowed (Fig. 4.1C and D). The total time that females spent investigating male plus 
female urinary odor stimuli was not different between CNO and saline treatments in 
estrous females that either had (Fig 4.2A and B) or had not (Fig. 4.2C and D) previously 
received DREADD infections of the Me.  This was true regardless of whether or not 
nasal contact with the urinary stimuli was allowed. 
Sexual Behavior Tests: 
 CNO-induced silencing of Me neurons across tests 1-5 in DREADD-infected 
estrous female mice attenuated the progressive increase in lordosis quotients otherwise 
observed in saline-injected females after repeated testing with a stud male (Fig 4.3A).  
Overall there was a significant effect of drug treatment (F1,56 = 19.264, p < 0.001) in 
DREADD-infected subjects, with post hoc tests showing a significant decrease in LQ in 
subjects treated with CNO compared to saline in tests 2, 3 and 5. There was also an 
overall significant effect of Test Day (F4,56 = 9.039, p < 0.001) with post hoc analysis 
showing a significant increase in LQ in tests 2-5 compared to test 1 in saline-treated 
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females.  In CNO-treated females given DREADD infections, post hoc analysis showed 
there was only a significant increase in LQ in test 4 compared to test 1.  Females that 
were not infected bilaterally with DREADD in the Me showed a progressive increase in 
LQ across tests 1-5, regardless of whether they were treated with saline or CNO (Fig. 
4.3B).  Overall there was a significant effect of Test Day (F1,44 = 7.092, p < 0.001) with 
post hoc analysis showing a significant increase in LQ in tests 2-5 compared to test 1 in 
both saline and CNO treated females.  
After 5 consecutive mating tests, female subjects (both DREADD- and non-
infected subjects) were given one sexual behavior test with drug treatments reversed (test 
6) and then one additional test (test 7) while receiving the original treatment that was 
given in tests 1-5. Because of prior results (DiBenedictis et al., 2012) indicating that that 
disruption of  Me function reduced lordosis behavior in estrous female mice, 1-tailed t-
test comparisons were used to assess the effect of switching drug treatment on LQ.  In 
sexually experienced animals that either did or did not receive Me infections of 
DREADD, there was no impact on lordosis of switching treatments between tests 5 and 6 
or between tests 6 and 7 (Figure 4.3A-B). Analysis of LQs in DREADD-infected females 
given saline over tests 1-5 showed that there was a non-significant trend for a decreased 
LQ from test 5 to test 6 in response to CNO. There was also a non-significant trend for 
the DREADD-infected females given CNO over tests 1-5 to show an increased LQ in test 
6 following injection of saline.  
CNO-treatment in sexually naïve estrous female mice bilaterally infected with 
DREADD also resulted in a longer latency to the first expression of lordosis compared to 
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the latency to first lordosis in DREADD infected females treated with saline in initial 
tests (Figure 4.4A). There were significant overall effects of both treatment (F1,56 = 6.867, 
p = 0.02) and test (F =4,56 = 5.758, p < 0.001), but no interaction effects, on the latency to 
the first lordosis in tests 1-5. Analysis with post hoc testing showed that in the saline 
treated group there was a significant decrease in the latency to the first lordosis event in 
test 2-5 compared to test 1, while in the CNO treated group there was a significant 
decrease in latency compared to test 1 in test 4 and 5 only. Within test days, the CNO 
treated group showed a significantly longer latency to show lordosis in test 2 compared to 
the saline treated group and there was a trend towards a significant difference between 
treatment groups in test 3 (p = 0.057). In females that were not bilaterally infected with 
DREADD virus but treated with either saline or CNO, there was no significant effect of 
treatment across test 1-5, but there was a significant effect of test day (F4,44 = 9.200, p < 
0.001). A post hoc analysis showed that both the saline and CNO treated groups without 
DREADD infection showed a significant decrease in the latency to the first expression of 
lordosis in tests 3-5 compared to test 1 (Figure 4.4B). There was no effect of switching 
treatments between test 5 to test 6 or switching back to the original treatment between 
test 6 and test 7 on the latency to the first expression of lordosis in either DREADD 
infected or control subjects. 
There was a significant different in the percentage of mounts with intromission 
with CNO treatment in DREADD infected females (Fig 4.5). There was a significant 
effect of treatment (F1,46 = 6.022, p < 0.028) and a significant effect of test (F4,56 = 
10.755, p < 0.001). Post hoc analysis showed that there were a significantly lower 
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percentage of mounts with intromission on tests 2 and 3 in DREADD infected females 
treated with CNO compared to those treated with saline. DREADD infected females 
treated with saline showed a higher percentage of mounts with intromission in test 2-5 
compared to test 1, while it was not until test 4 and 5 that DREADD infected females 
treated with CNO showed an increase in the percentage of mounts with intromission over 
test 1. In non-infected females, there was a significant effect of test (F4,44 = 6.510, p < 
0.001) with post hoc analysis showing and increase over test 1 in test 2-5 if the females 
were treated with saline or CNO. There was no effect of stitching treatments between test 
5 to test 6 or switching back to the original treatment between test 6 and test 7 on the 
latency to the percentage of mounts with intromission in either DREADD infected or 
control subjects. There were no significant differences between saline and CNO treated 
females in the total number of mounts received (Fig 4.6) or the total number of cage 
crosses (Fig. 4.7) across tests 1-5 in either the DREADD infected or non-infected groups. 
Additionally, for both DREADD-infected as well as non-infected females, there were no 
differences in the total number of mounts received from stud males when tests 5 and 6 
results or when tests 6 and 7 results were compared (Fig. 4.6). 
The total amount of time that DREADD-infected, estrous females spent 
investigating the body of the stud male was not affected by CNO-induced silencing of Me 
neurons across mating tests 1-5 (Fig. 4.8A). There was not a significant effect of 
treatment on close nasal investigation of the stud male, but there was a significant effect 
of Test Day (F4,56 = 23.458, p < 0.001) with post hoc analysis showing that both 
treatment groups spent significantly more time investigating the body of the stud male in 
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test 1 compared to tests 2-5. A similar result was observed in non-infected females with 
no significant effect of treatment, but a significant effect of Test Day (F1,44 = 32.775, p < 
0.001) (Fig. 4.8B). Close nasal investigation of the stud male was significantly higher in 
non-infected females treated with either saline or CNO in test 1 compared to tests 2-5 
according to post hoc analysis.    
DREADD-infected females treated with saline over tests 1- 5 did not show a 
significant change in investigation of the male when the treatment was switched to CNO 
(test 6) or when treatment was switched back to saline (test 7) (Fig. 4.8A). In contrast, 
however, the DREADD infected females originally treated with CNO over tests 1-5 
significantly increased their investigation of the male when treated with saline in test 6 (t8 
= -2.458, p = 0.0195). This group also showed a significant decrease in investigation 
behavior in test 7 when they were again treated with CNO (t8 = 2.169, p = 0.031).  One-
tailed t-test comparisons were used here because prior studies (DiBenedictis et al., 2012; 
Keller et al., 2006b; Martel and Baum, 2009a) showed that disrupting AOS function 
blocked opposite sex chemosensory preference in estrous female mice. In females 
without DREADD infections, there was no effect of switching treatments on 
investigation of the male (Fig. 4.8B).  
Investigation directed by DREADD-infected females towards different body 
regions, and therefore towards different potential sources of male pheromones, was also 
compared during test 1 (saline vs CNO treated females) and between tests 5 and 6 when 
treatments were switched from CNO (test 5) to saline (test 6) (Fig. 4.9A).  There were no 
significant differences between treatment groups in the different body regions 
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investigated.  In tests 5 and 6, only data from the DREADD-infected group treated 
chronically with CNO and then switched to saline were analyzed because this was the 
only group that showed an effect on nasal investigation of the male (all body parts) when 
drug treatments were switched in sexually experienced females (Fig. 4.9B). Paired 1-
tailed Student’s t-tests comparing the total time spent investigating different body regions 
between test 5 and test 6 showed that there was a significant increase in females’ 
investigation of the male’s back (t8 = -2.679, p = 0.014), but not of the male’s face or the 
anogenital region.  
Localization of DREADD Infections and Estimation of Neuronal Infection Rates 
 DREADD injections were made using stereotaxic coordinates that aimed to infect 
the center of the Me based on coordinates used in a previous study (DiBenedictis et al., 
2012) from our laboratory. Most bilateral DREADD infections were centered at the 
border of the anterior and posterior subdivisions of the Me, with mCitrine-infected 
neurons being seen across the anterior-posterior extent of the Me (Fig. 4.10A). Based on 
our analysis of mCitrine and NeuN immunostaining in the Me of 6 female subjects (2 
hemispheres/subject), we estimate that approximately 20% of neurons in the regions of 
the Me with high levels of mCitrine-IR cells at the center of the DREADD injections 
were infected with the inhibitory DREADD, hM4Di (Fig. 4.10B - E; Table 4.1).   
Effect of CNO on Fos Induction by male pheromones in the Me of estrous females 
 To confirm the ability of DREADD infections of the Me to decrease the activity 
of infected neurons in the presence of CNO, estrous female mice were exposed to soiled 
male bedding (a potent source of male pheromones) in a terminal experiment.  The 
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number of Fos-IR cells in the Me was decreased in response to soiled male bedding in 
DREADD-infected females treated with CNO as opposed to saline prior to sacrifice (Fig. 
4.11A-D).  This CNO-induced reduction in pheromone-induced Fos expression in the Me 
of DREADD-infected females was statistically significant (t14 = 3.42, p = 0.004) (Fig. 
4.11E). No significant differences in Me Fos expression were observed in non-infected 
females between subgroups treated with saline vs CNO prior to exposure to soiled male 
bedding (t11 = 0.87, p = 0.403) (Fig. 4.11F).  
 
Discussion 
Numerous studies have shown that sexually naïve estrous female mice initially 
show a surprisingly low level of lordosis when first paired with a stud male, but become 
progressively more receptive with repeated testing (Bonthuis et al., 2011; Ismail et al., 
2011; Laroche et al., 2009a, b; McCarthy et al., 2017; Thompson and Edwards, 1971).  
Our current results show that this progressive increase in receptivity depends on the 
integrity of Me function.  Thus the progressive improvement in receptivity normally 
observed with repeated testing with a stud male was significantly attenuated by CNO-
induced bilateral silencing of neurons in the Me. While DREADD-infected estrous 
females treated with either saline or CNO had low LQs on test 1, females treated with 
saline showed an increase in LQ immediately in test 2 and continued to show 
progressively higher levels of receptivity in tests 3-5. With CNO treatment, however, it 
wasn’t until test 4 that DREADD–infected estrous females showed a significant increase 
in LQ over baseline.  DREADD-mediated blockade of Me firing likely prevents the 
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integration of pheromonal input to the forebrain, thereby altering the information being 
sent to downstream targets of the Me including the VHMvl, which plays a critical role in 
the hormonal control of female reproductive behavior (Choi et al., 2005; Kevetter and 
Winans, 1981b; Pardo-Bellver et al., 2012).  The Me also sends centrifugal inputs back to 
the AOB (Fan and Luo, 2009; Martel and Baum, 2009b).  The role of these centrifugal 
inputs in the regulation of female mouse mating behavior is unknown; however, it is 
possible that DREADD-induced silencing of the Me alters feedback to the AOB needed 
for the full expression of female reproductive behavior.  Our current results also are 
consistent with those of previous studies in which permanent surgical disruption of VNO 
or AOB signaling in estrous female mice and hamsters impaired subsequent receptivity 
(Keller et al., 2006b; Mackay-Sim and Rose, 1986; Martel and Baum, 2009a).    
A previous study (Bonthuis et al., 2011) found that chronic, systemic treatment 
with a histone deacetylase inhibitor accelerated the progressive improvement in lordotic 
responsiveness seen with repeated testing of estrous female mice.  Those authors 
proposed that this drug effect was mediated by an epigenetic up-regulation of neural 
estradiol or progesterone receptor expression, which in turn augmented the actions of 
ovarian hormones so as to increase females’ receptivity in response to repeated hormone 
priming and testing with a stud male.  The region in the brain where this epigenetic 
modulation occurs is unknown.  However, in addition to integrating chemosensory input 
from both the accessory and main olfactory systems, the Me contains neurons that 
express both estradiol and progesterone receptors (Maras and Petrulis, 2010; Moffatt et 
al., 1998).  It is possible that repeated CNO treatment of females with DREADD 
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infections in the Me over tests 1-5 prevented epigenetic modifications of ovarian steroid 
hormone receptor expression in the Me or in downstream forebrain regions otherwise 
induced by pheromonal and/or somatosensory cues generated from contact with the stud 
male. 
After displaying a progressive increase in LQs over tests 1-5 while receiving 
saline injections, DREADD-infected females showed only a non-significant trend 
towards a reduction in LQ in test 6 when given CNO.  Likewise, other DREADD-
infected females given CNO over tests 1-5 showed only a non-significant trend towards 
an increase in LQ in test 6 when given saline. At this point in the experiment, females 
were highly sexually experienced, and the integration of male chemosensory inputs to the 
Me may no longer have been as critical to females’ lordotic responsiveness as it was 
during earlier tests.  Indeed, in our previous study using sexually naïve female mice 
(DiBenedictis et al., 2012), bilateral lesions of the Me significantly attenuated the 
expression of lordosis.  By contrast, studies using sexually experienced rats found that 
ibotenic acid lesions (Guarraci et al., 2004) of the Me did not disrupt the expression of 
paced mating behaviors, including lordosis.  This previous study using rats corroborates 
the current finding that disrupting Me activity had little or no effect on receptivity in 
sexually experienced estrous female mice. Our results contrast, however, with the results 
of a recent study showing that acute optogenetic inhibition of AOB mitral cell projections 
to the Me in sexually experienced estrous female mice significantly reduced LQs 
(McCarthy et al., 2017).  It is possible that in the present study too few Me neurons were 
infected with DREADD to disrupt receptive behavior in sexually experienced females 
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following the one-time administration of CNO.  We estimate that approximately 20% of 
neurons in Me regions at the site of the viral injections were infected with DREADD, 
which is comparable to the infection rate in a previous study from our laboratory 
(DiBenedictis et al., 2015) that examined changes in females’ chemosensory preference 
behavior with DREADD-induced silencing of neurons in the medial olfactory tubercle.  
Additional studies are needed to determine the effect on lordotic responsiveness of 
inhibiting neuronal activity in the Me before and after sexual experience, using either 
repeated CNO or optogenetically induced silencing of increasing numbers of Me neurons 
in different subdivisions of this limbic structure.  
 While DREADD infected females treated with either saline or CNO during the 
first 5 tests received on average the same total number of mounts during each test, 
females treated with DREADD shows a significantly longer latency to the first 
expression of lordosis. The latency to the first expression of lordosis has been used in 
previous papers to index female receptivity with longer latencies indicating that the 
female is not receptive to male mounts (Becker et al., 2013). These data indicate that 
DREADD infected females treated with CNO were slower to display receptivity to male 
mounts.  This treatment group also received a lower percentage of mounts with 
intromission then DREADD infected females treated with CNO. All males were sexually 
experienced prior to the start of testing by pairing them twice overnight with an estrous 
female. This procedure has been used successfully to give stud males sexual experience 
in previous studies (Kunkhyen et al., 2017; McCarthy et al., 2017). At the start of the 
experiment, all males were equally sexually experienced and randomly assigned to a 
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female on each test day and were tested over the course of the experiment with females 
from both treatment groups. It is unlikely that DREADD treated females were randomly 
paired with poor performing males during the first few tests. It is possible that while the 
males were attempting to mount the females in all treatment groups, the DREADD 
infected females treated with CNO were less responsive to the mounts and did not allow 
the mounts to last long enough to result in intromission. This is supported by the fact that 
females in each group received an equal number of mounts across test days, and also 
indicates that females in the CNO treated group were less receptive to male mounts. 
These data, combined with the attenuated increase in LQ responses observed in early 
tests, further supports the importance of Me neuron function in the expression of 
receptive behavior in estrous female mice.   
CNO-induced silencing of Me neurons decreased the preference of DREADD-
infected estrous female mice to investigate opposite-sex urinary odors when nasal contact 
with the stimulus was allowed, but not when females were prevented from making nasal 
contact, in which instance only volatile male pheromonal stimuli could be sampled.  
Surgical removal of the VNO as well as electrolytic lesions of the AOB, two structures 
that are upstream of the Me in the AOS, decreased the preference of estrous female mice 
to investigate opposite sex non-volatile urinary odors (Keller et al., 2006b; Martel and 
Baum, 2009a).  Also, lesions that included the anterior and posterior regions of the Me 
reduced the preference of estrous female mice to investigate the non-volatile components 
of urine from testes-intact as opposed to castrated male urine (DiBenedictis et al., 2012).  
In contrast to previous lesion studies, the use of inhibitory DREADDs in our experiment 
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allowed us to examine the effect of acute, reversible silencing of neurons in the Me on 
pheromone preference in the same female subjects. The preference for non-volatile male 
urinary cues was disrupted when DREADD-infected subjects were treated with CNO 
whereas the same subjects showed a strong preference to investigate male urine 4 days 
later when treated with saline. These results point to a critical role of continuous Me 
signaling in controlling estrous females’ preference for non-volatile male pheromones, 
such as the major urinary protein, Darcin (Roberts et al., 2012; Roberts et al., 2010).  
CNO-induced silencing of the Me in DREADD-infected females did not reduce 
their preference to investigate volatile male as opposed to female urinary cues.  This is in 
contrast to previous studies in which electrolytic lesions of the Me in ovariectomized, 
hormone-primed female mice (DiBenedictis et al., 2012) and rats (Kondo and Sakuma, 
2005) reduced subjects’ preference to investigate volatile male urinary odors.  Both of 
those studies compared the preference of estrous females to investigate urinary volatiles 
from the urine of testes-intact vs castrated males. The discrepancy between these latter 
findings and our present results could reflect differences in the urinary stimuli presented. 
We compared females’ preference for urinary volatiles from testes-intact male mice 
versus estrous females as opposed to our previous comparison of females’ preference for 
urinary volatiles from testes-intact vs castrated males (DiBenedictis et al., 2012). 
Previous studies reported that the preference to investigate urinary volatiles of male 
versus estrous females was not reduced in female mice after surgical removal of the VNO 
(Keller et al., 2006b; Martel and Baum, 2009a).  Our current study using DREADDs to 
silence neurons in the Me also corroborates previous studies in which damage to portions 
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of the AOS did not reduce the preference of female mice to investigate urinary volatiles 
from male vs estrous females (Keller et al., 2006b; Martel and Baum, 2009a).  
There was no significant effect of CNO-induced silencing of Me neurons on the 
total time spent by DREADD-infected estrous females in close nasal contact with the 
body of a stud male during sexual behavior tests 1-5 (Fig 4.5A). There was also no 
significant effect of CNO-induced silencing of the Me on females’ investigation of 
different body regions of the stud male during test 1 (when all females showed relatively 
high levels of male investigation) (Fig 4.6A). It is surprising that CNO treatment failed to 
reduce females’ interest in making body contact with the stud male during Test 1, in so 
far as during previous tests of these females’ urinary odor preference CNO treatment 
significantly reduced the preference to investigate non-volatile male urinary 
chemosignals.  During the sexual behavior tests, however, female subjects presumably 
had access to many more sensory cues from the male (e.g., both volatile and non-volatile 
urinary chemosignals as well as visual, somatosensory and auditory cues) than during the 
prior chemosensory preference tests (with nasal contact allowed).  Presumably these 
additional sensory inputs were not sufficiently attenuated by silencing of Me neuronal 
activity to reduce females’ motivation to investigate the male during the mating tests. In 
our previous study (McCarthy et al., 2017) optogenetic inhibition of AOB mitral cell 
activity also failed to influence females’ investigation of the male during the same tests 
when this treatment significantly reduced females’ lordosis responses to male mounts. 
Taken together, our results could indicate that the critical period of AOS regulation in 
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female receptivity within the sequence of courtship behaviors might be different than 
when this system controls proceptive behaviors.    
 In DREADD-infected females that received either saline or CNO, investigation of 
the stud male was high in test 1 whereas this interest waned over the next 4 tests. This 
loss of interest corroborates results of a previous study (McCarthy et al., 2017) that  
looked at investigation of the male by estrous female subjects over repeated sexual 
behavior tests. Switching the treatment from CNO to saline (thereby eliminating the 
CNO-induced inhibition of Me neurons) in DREADD-infected females over tests 5 to 6 
caused a significant increase in close nasal investigation of the male.  Perhaps, removal of 
the CNO-induced inhibition of Me neurons altered the pattern of neuronal firing in the 
Me, such that a population of neurons that was silent during all previous sexual behavior 
tests was now activated by male odor cues.  The Me is thought to classify social olfactory 
cues in the rodent brain (Samuelsen and Meredith, 2009), and changing the pattern of 
neuron activity in this region could have resulted in a novel or altered sensory experience 
for the females-- one not previously associated with a stud male, thereby motivating 
females to investigate what became a novel stimulus.  Subsequently, switching the 
treatment from saline back to CNO over tests 6 to 7 caused a significant reduction in 
females’ investigation of the male, presumably because the drug treatment inhibited 
activity in Me neurons that otherwise mediate females’ motivation to investigate the 
male.    
In sexually experienced females with DREADD infections, switching 
intraperitoneal treatments from saline (tests 1-5) to CNO (test 6) did not significantly 
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increase or decrease investigation behavior.  Again, this result agrees with our previous 
study (McCarthy et al., 2017) in which acute optogenetic inhibition of AOB mitral cell 
signaling to the Me did not alter investigation of the male by sexually experienced estrous 
female mice. There was no difference in the total number of mounts received from males 
between treatment groups (saline vs CNO) in either DREADD-infected or non-infected 
females. This suggests that any variation in females’ receptive behavior across treatments 
reflected a change in females’ receptivity or motivation to investigate the male as 
opposed to a reduction in the attractiveness of the female subjects to the stud male.  
An analysis of investigation times directed towards different male body regions 
by DREADD-infected females when drug treatments were switched from CNO to saline 
over tests 5 to 6 showed that the total time spent investigating the back of the stud male 
was significantly increased.  There was no significant change in investigation directed by 
female subjects towards either the male’s face or anogenital region. This is surprising 
because as both the head and anogenital region of the stud male are sources of putative 
male pheromones that augment interest and/or sexual behavior in female mice (Haga et 
al., 2010; Jemiolo et al., 1986; Roberts et al., 2012; Roberts et al., 2010).  However, a 
change in the overall pattern of investigation of different body regions when inhibition of 
Me firing was removed supports the idea that females could be detecting and attempting 
to identify new olfactory information from the stud male.  In sexually experienced 
females with DREADD infections, switching intraperitoneal treatments from saline (tests 
1-5) to CNO (test 6) did not significantly increase or decrease investigation behavior.  
Again, this result agrees with our previous study (McCarthy et al., 2017) in which acute 
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optogenetic inhibition of AOB mitral cell signaling to the Me did not alter investigation 
of the male by sexually experienced estrous female mice. There was no difference in the 
total number or in the onset latency of mounts received from males between treatment 
groups (saline vs CNO) in either DREADD-infected or non-infected females. This 
suggests that any variation in females’ receptive behavior across treatments reflected a 
change in females’ receptivity or motivation to investigate the male as opposed to a 
reduction in the attractiveness of the female subjects to the stud male. 
Treatment of DREADD-infected females with CNO before terminal exposure to 
soiled male bedding significantly decreased Fos levels in the Me. Numerous studies have 
shown that exposure to male pheromones increased Fos induction in Me neurons of 
female mice (Haga et al., 2010; Halem et al., 2001b; Martel and Baum, 2009b).  
Decreased Fos expression after treatment with CNO has also been used in previous 
studies to confirm CNO-induced silencing of DREADD infected neurons in different 
brain regions (DiBenedictis et al., 2015; Ferguson et al., 2011; Sasaki et al., 2011). Our 
present results confirm that the CNO dosage used and number of bilaterally infected Me 
neurons with DREADD were likely sufficient to significantly reduce neuronal activity in 
the Me during behavioral testing and during the terminal pheromone exposure.  
One criticism of the chemogenetic technique is that systemic treatment with the 
synthetic receptor ligand, CNO, could disrupt the expression of behaviors independent of 
any DREADD infection of groups of neurons.  For example, CNO treatment alone in the 
absence of neural DREADD infections in rats decreased the acoustic startle reflex as well 
as amphetamine-induced locomotion (MacLaren et al., 2016).  These findings highlight 
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the importance of testing non-infected control subjects that receive CNO vs saline during 
the same behavioral tests as those given to DREADD-infected subjects. In the current 
experiment, non-infected control subjects were treated identically to the DREADD-
infected subjects for all behavioral tests as well as for the terminal odor exposure. CNO 
treatment in non-infected subjects did not alter chemosensory preference in home cage 
tests, lordosis responses to male mounts, close nasal investigation of the male, or the total 
number of cage crosses during sexual behavior tests.  Additionally, there were no 
observed effects of CNO treatment on the total time that estrous female subjects (either 
with or without Me DREADD infections) spent investigating chemosensory stimuli on 
test days 1 and 2 and again on test days 3 and 4 (Fig. 4.2). Finally, whereas treatment 
with CNO reduced Me Fos activation in DREADD-infected females after exposure to 
male pheromones, no significant effect on pheromone–induced Me Fos activity was 
observed in non-infected female subjects treated with CNO. Taken together, these 
findings strongly suggest that CNO-induced silencing of DREADD-infected Me neurons, 
as opposed to non-specific off-target effects of the drug, was responsible for the observed 
changes in females’ pheromone preferences and receptive sexual behavior in the current 
study.  
In conclusion, our results demonstrate an essential role of the Me in the 
experience-dependent increase in receptivity normally observed in estrous female mice 
after repeated testing with a stud male as well as in females’ preference to seek out male 
urinary pheromones. Future studies should look more systematically at the role of 
different neuron types in the Me in pheromone preference and in the control of females’ 
		
124 
mating behavior by specifically targeting DREADD-expressing AAVs to excitatory or 
inhibitory neuron populations or to the subset of Me neurons expressing estradiol and/or 
progesterone receptors (Maras and Petrulis, 2010; Moffatt et al., 1998). Future studies 
should also use genetic targeting along with DREADD technology to manipulate the 
activity of specific projections from this region to other forebrain regions to determine 
their role in the control of courtship behavior in the female mouse. 
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Figure 4.1: 
The effect of bilateral CNO-induced medial amygdala (Me) silencing on the preference 
of ovariectomized, estradiol and progesterone primed female mice to investigate urinary 
cues from testes-intact male versus estrous female mice. Data are shown for estrous 
females with bilateral DREADD infections of the Me (A and B) and for non-infected 
subjects (C and D). Females’ preference to investigate urinary chemosignals is 
represented as difference scores (male – female urine investigation time in seconds) in 
test sessions conducted on 4 separate days. On each test day female subjects received two 
5-min sessions:  one in which they were allowed to make nasal contact with the urinary 
stimuli (top panels), and another in which nasal contact was prevented (non-contact, 
volatiles only; (bottom panels).  Either the DREADD activating drug, CNO, or saline was 
administered intraperitoneally 30 min. prior to each behavioral test. All data are 
expressed as the mean + SEM. * p < 0.05 for treatment comparisons between sessions on 
test days 1 and 2 and between sessions on test days 3 and 4. The number of subjects in 
each group is shown in parentheses.   														
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Figure 4.2: 
The effect of bilateral CNO-induced medial amygdala (Me) silencing on the total amount 
of time that ovariectomized, estradiol and progesterone primed female mice spent 
investigating urinary cues from either testes-intact male or estrous female mice. Data are 
shown for estrous females with bilateral DREADD infections of the Me (A and B) and 
for non-infected subjects (C and D).  Results are presented as total investigation time 
(male + female urine investigation times in seconds) when female subjects either were 
allowed to make nasal contact with the urinary stimuli (top panels) or were prevented 
from making nasal contact with these stimuli (bottom panels). Either the DREADD 
activating drug, CNO, or saline was administered intraperitoneally 30 min. prior to each 
behavioral test.  All data are expressed as the mean + SEM.  The number of subjects in 
each group is shown in parentheses.   
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Figure 4.3: 
The effect of bilateral CNO-induced medial amygdala (Me) silencing on sexual 
receptivity in ovariectomized, estradiol and progesterone primed female mice. Sexual 
receptivity was measured by determining the lordosis quotient (total number of lordosis 
events/total number of mounts x 100; LQ) in DREADD-infected (A) and non-infected 
(B) subjects that received mounts from a stud male.  All data are expressed as the mean + 
SEM. # p < 0.05 between test 1 and tests 2-5 tests in estrous females given the DREADD 
activating drug, CNO, over tests 1-5, + p < 0.05 between test 1 and tests 2-5 in estrous 
females given saline over tests 1-5, * p < 0.05 between treatment groups comparisons. 
The number females treated with the DREADD activating drug, CNO, vs saline is shown 
in parentheses. Prior to test 6 (shaded column), the intraperitoneal injections of either 
saline or CNO were switched from the treatment that had prevailed previously over tests 
1-5.  Then prior to test 7 estrous females again received the same treatments (CNO or 
saline) that had been administered over tests 1-5. 
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Figure 4.4: 
The effect of bilateral CNO-induced medial amygdala (Me) silencing on the latency to 
the first lordosis event shown by ovariectomized, estradiol and progesterone primed 
female mice across consecutive mating tests. The latency to first lordosis event was 
determined for DREADD-infected female subjects (A) and for non-infected females (B). 
All data are expressed as the mean + SEM. # p < 0.05 between test 1 and tests 2-5 tests in 
estrous females given the DREADD activating drug, CNO, over tests 1-5, + p < 0.05 
between test 1 and tests 2-5 in estrous females given saline over tests 1-5, * p < 0.05 
between tests 5 and 6 when estrous females given CNO prior to tests 1-5 was switched to 
saline prior to test 6 and between tests 6 and 7 when these same estrous females were 
again given CNO. 
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Figure 4.5: 
The effect of bilateral CNO-induced medial amygdala (Me) silencing on the percentage 
of mounts with intromission received from the stimulus male by ovariectomized, 
estradiol and progesterone primed female mice across consecutive mating tests. The 
percentage of mounts received with intromission was determined for DREADD-infected 
female subjects (A) and for non-infected females (B). All data are expressed as the mean 
+ SEM. # p < 0.05 between test 1 and tests 2-5 tests in estrous females given the 
DREADD activating drug, CNO, over tests 1-5, + p < 0.05 between test 1 and tests 2-5 in 
estrous females given saline over tests 1-5, * p < 0.05 between tests 5 and 6 when estrous 
females given CNO prior to tests 1-5 was switched to saline prior to test 6 and between 
tests 6 and 7 when these same estrous females were again given CNO. 
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Figure 4.6: 
The effect of bilateral CNO-induced medial amygdala (Me) silencing on the total number 
of mounts received from the stimulus male by ovariectomized, estradiol and progesterone 
primed female mice across consecutive mating tests. The total number of mounts 
received was determined for DREADD-infected female subjects (A) and for non-infected 
females (B). All data are expressed as the mean + SEM. # p < 0.05 between test 1 and 
tests 2-5 tests in estrous females given the DREADD activating drug, CNO, over tests 1-
5, + p < 0.05 between test 1 and tests 2-5 in estrous females given saline over tests 1-5, * 
p < 0.05 between tests 5 and 6 when estrous females given CNO prior to tests 1-5 was 
switched to saline prior to test 6 and between tests 6 and 7 when these same estrous 
females were again given CNO. 
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Figure 4.7: 
The effect of bilateral CNO-induced medial amygdala (Me) silencing on locomotor 
activity in ovariectomized, estradiol and progesterone primed female mice. Locomotion 
was indexed by counting the total number times the female crossed the midline of the 
cage during mating behavior tests in DREADD-infected subjects (A) and non-infected 
subjects (B) All data are expressed as the mean + SEM. * p < 0.05 between treatment 
groups. The number females treated with the DREADD activating drug, CNO, vs saline 
is shown in parentheses.    
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Figure 4.8: 
The effect of bilateral CNO-induced medial amygdala (Me) silencing on close nasal 
investigation of the stud male by ovariectomized, estradiol and progesterone primed 
female mice across consecutive mating tests. The total time in seconds spent 
investigating the stud male was determined for DREADD-infected female subjects (A) 
and for non-infected females (B). All data are expressed as the mean + SEM. The number 
of subjects given saline or CNO is shown in parentheses.   # p < 0.05 between test 1 and 
tests 2-5 tests in estrous females given the DREADD activating drug, CNO, over tests 1-
5, + p < 0.05 between test 1 and tests 2-5 in estrous females given saline over tests 1-5, * 
p < 0.05 between tests 5 and 6 when estrous females given CNO over tests 1-5 was 
switched to saline in test 6, and between tests 6 and 7 when these same estrous females 
were again given CNO. 
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Figure 4.9: 
The effect of bilateral CNO-induced medial amygdala (Me) silencing in DREADD 
infected, ovariectomized, estradiol and progesterone primed female mice on their close 
nasal investigation of different male body regions.  Panel A shows the total time in 
seconds that estrous females spent investigating different male body regions during test 1 
after they received intraperitoneal injections of either the DREADD activating drug, 
CNO, or of saline. Panel B compares the time in seconds that estrous females given CNO 
over tests 1-5 investigated different male body regions between test 5 when they received 
CNO and 6 when they received saline. All data are expressed as the mean + SEM, and 
the number of females in each group is given in parentheses.  * p < 0.05 within group 
comparison of females’ investigation of the male’s back between tests 5 and 6. 
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Figure 4.10: 
Panel A.  A schematic reconstruction of coronal brain sections showing the extent of 
bilateral hM4Di (DREADD) infections in the medial amygdala (Me) of female mice in 
cohort 1 that received either saline or CNO over the first 5 mating behavior tests.  
Different colored outlines represent the extent of bilateral hM4Di infections of the Me for 
individual female subjects.  The brain drawings are modified from a published mouse 
brain atlas (Paxinos and Franklin, 2008). Numbers represent the number of mm that each 
coronal brain section was located posterior to bregma.  Panel B.  A representative 
photomicrograph shows a Nissl-stained brain section containing the Me.  Panel C.  A 
representative photomicrograph shows a neuron-specific nuclear protein marker (NeuN)-
stained brain section containing the Me.  Panel D.  A representative photomicrograph 
shows the extent of an hM4Di infection (indexed by mCitrine fluorescence) in the Me.  
The white dotted line outlines the Me in panels B – C.  Panel E.  A high power confocal 
image shows mCitrine-labeled neurons in the subregion of Me indicated in the solid 
white boxed square in panel D. 
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Figure 4.11: 
CNO injections significantly reduced the activation of medial amygdala (Me) neurons 
(indexed by a reduction in the number of Me Fos-IR neurons) by male pheromones in 
estrous female mice in cohort 1 that previously had received DREADD infections of the 
Me.  Photomicrographs show representative examples of Fos staining in the Me of 
DREADD-infected estrous females that were placed on male bedding and treated prior to 
sacrifice with either the DREADD activating drug, CNO, (A, B) or saline (C, D).  
Quantification of the number of Fos-IR neurons per standard Me counting area is given 
for DREADD–infected (E) and non-infected (F) estrous females that were given CNO or 
saline injections and then exposed to male soiled bedding prior to sacrifice. All data are 
expressed as the mean + SEM. * p < 0.05 between treatment groups. The number of 
females in the 4 different treatment groups is given in parentheses. 
		
		
148 
 
 
 
 
 
 
CHAPTER FIVE 
General Discussion 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
		
149 
In female mice the detection and processing of chemosensory cues is critical for 
reproductive behavior. Damage to brain regions that process these chemosensory cues 
impairs the motivation to approach and investigate opposite sex chemosensory cues as 
well as the production of the receptive lordosis reflex shown in response to the receipt of 
male mounting behavior (DiBenedictis et al., 2012; Keller et al., 2006b; Martel and 
Baum, 2009a). Non-volatile chemosensory cues are detected by the accessory olfactory 
system (AOS) in mice when these cues bind to receptors on vomeronasal sensory neurons 
(VSNs) in the vomeronasal organ (VNO). These VSNs project to the accessory olfactory 
bulb (AOB), which in turn sends mitral cell projections to forebrain regions including the 
medial amygdala (Me) and the bed nucleus of the stria terminalis (BNST). The Me 
integrates chemosensory and hormonal cues and sends projections to brain regions 
critical for the regulation of reproductive behavior including the ventromedial 
hypothalamus (VMHvl) and the medial preoptic area (MPA). The purpose of this thesis 
was to further elucidate the role of the AOS in controlling the expression of receptive and 
proceptive behaviors in estrous female mice. This was achieved by addressing three 
specific questions: 1) Does pre-exposure to male pheromonal cues augment the 
progressive increase in receptive behavior normally observed in sexually naïve estrous 
female mice after repeated testing with a stimulus male or alter investigation behavior 
direct towards males? 2) Is the activity of AOB mitral cells, the projection neurons that 
carry olfactory information from the AOB to forebrain regions critical for reproduction, 
necessary for receptive and proceptive behaviors in sexually experienced in estrous 
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female mice? 3) What is the role of Me neurons in the progressive increase in receptivity 
normally observed in sexually naïve estrous female mice? 
 
PRE-EXPOSURE TO MALE CHEMOSENSORY CUES AND FEMALE 
COURTSHIP BEHAVIOR 
 Integration of olfactory and tactile sensory cues as well as hormone regulation is 
critical for the expression of lordosis in females. Non-volatile pheromonal cues are 
detected by VSNs in the VNO, and the odor-induced activity of these neurons as well as 
the levels of receptors they express are modulated by estradiol (Alekseyenko et al., 2006; 
Cherian et al., 2014; Halem et al., 1999). The Me receives direct projections from both 
the main olfactory bulb (MOB) and the AOB allowing for the integration of multiple 
chemosensory cues (Baum and Cherry, 2015). The Me also contains a high density of 
estradiol receptors (ER) and progesterone receptors (PR) (Maras and Petrulis, 2010; 
Moffatt et al., 1998). Selective disruption of estradiol receptor-alpha (ERα) function in 
the VMH after injections of viruses that contain small hairpin RNA (shRNA) reduced the 
expression of lordosis in female rats (Musatov et al., 2006), while this same treatment in 
the Me or BNST failed to disrupt the expression of lordosis (Snoeren et al., 2015).  
Previous research has shown that in ovariectomized females priming with 
estradiol benzoate (EB) and progesterone (P) in the correct sequence paired with tactile 
stimulation from male mounting is required for the expression of lordosis behavior in 
female rodents including mice (Barfield et al., 1984; Edwards, 1970). Exposure to 
environmental stressors (Ismail et al., 2011; Laroche et al., 2009a, b) or drug treatment 
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(Bonthuis et al., 2011) that potentially modulates the expression of ovarian hormone 
receptors in the rodent brain altered the normal progressive increase in female receptivity 
after repeated testing with a stimulus male. Elimination of olfactory input from the VNO 
(Keller et al., 2006b), the AOB (Martel and Baum, 2009a), the main olfactory epithelium 
(MOE) (Keller et al., 2006a) or the Me (DiBenedictis et al., 2012) in sexually naïve 
estrous female mice all reduced the expression of lordosis (as measured by lordosis 
quotient, LQ) when presented with a stimulus male, thereby highlighting the importance 
of chemosensory cues in female receptivity. This led to the hypothesis that pre-exposure 
to male chemosensory cues, the detection of which is necessary for the expression of 
receptivity in female mice, could potentially augment the expression of receptivity in 
female mice.  
Contrary to expectation, the results of the experiments presented in Chapter 2 of 
this thesis showed that the progressive increase in lordosis behavior normally observed in 
estrous female mice with repeated testing was not augmented by pre-exposure to male 
pheromones (McCarthy et al., 2017). The amount of tactile stimulation (derived from the 
receipt of male mounts) received by each female was not statistically different between 
the primed and non-primed groups, and all females received the same dosage and timing 
of ovarian hormone replacement after ovariectomy in this experiment. These results 
suggest that increasing the input to the olfactory system with male pheromonal stimuli, 
while the levels of ovarian hormones as well as the amount of tactile stimulation received 
from the male was equivalent, was not sufficient to accelerate the expression of 
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receptivity compared to estrous females that have not received priming with male 
pheromones.  
In this experiment, primed females were exposed to soiled bedding and urine 
from group housed males for 30 minutes prior to testing with a stimulus male while non-
primed females were exposed to clean bedding prior to testing. The current manipulation 
increased access to pheromonal stimuli prior to the introduction of a male, but olfactory 
stimuli might need to be paired with other sensory cues during the initial interaction to 
affect the expression of lordosis. It is also possible that only a short period of time is 
required to detect male pheromones during the initiation of courtship behaviors in female 
rodents to facilitate lordosis. A detailed analysis of close nasal investigation of the body 
of the stimulus male (which would activate the sensory receptors in the VNO) showed 
that the majority of investigation directed towards the male occurred within the first two-
minute period of a mating test.  
To date, exocrine-gland secreting peptide 1 (ESP1) from male exocrine secretions 
(tears) is the only known putative pheromone that has been shown to enhance female 
receptive behavior through the activation of VNO sensory receptors. ESP1 enhanced the 
expression of lordosis in sexually naïve C57BL/6J female mice after just one 30 minute 
presentation (Haga et al., 2010). The results of that previous study would seem to support 
the hypothesis that repeated pre-exposure to male pheromones (in the form of male urine 
and soiled bedding which should contain both urinary and exocrine secretions) would 
increase the expression of lordosis in females. There is, however, a strain difference  in 
the levels of ESP1 secreted by male mice, with outbred strains, like BALB/C and DBA, 
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males secreting higher levels of ESP1 than inbred strains, C57BL/6J and IRC (CD-1) 
males (Haga et al., 2010). All these strains have receptors that can detect ESP1. 
C57BL/6J males were used as the source of pheromonal stimuli in the experiments 
presented in this thesis. It is possible that the progressive increase in lordosis observed in 
female mice could be augmented by olfactory stimuli if a more potent source of ESP1 
had been used. In male ICR (CD-1) mice, exposure to ESP1 paired with unfamiliar 
BALB/C male urine increased the display of aggressive behavior in a resident intruder 
assay (Hattori et al., 2016). More research is needed to determine how exactly ESP1 
facilitates the expression of lordosis in females and aggression in males and if ESP1 is 
expressed in different amounts depending on sexual experience or the dominance status 
of male donors. 
The urine and soiled bedding used to pre-expose the female mice in this thesis 
were all collected and pooled from group–housed, sexually inexperienced males. These 
same males were then used as stimulus males in the mating experiment, after they 
received sexual experience with a different set of estrous females. Females are able to 
distinguish between chemosensory cues from individual males (Cheetham et al., 2007). 
Exposure to urine from the same individual male for 7 days increased neurogenesis in 
female mice, while this increase was not observed when urine from multiple different 
males was presented over the 7 day period (Hoffman et al., 2015). It is possible that 
pooling the chemosensory stimuli from multiple males in our experiment masked any 
effect of priming with male pheromones that might have been observed if females had 
been consistently pre-exposed to the urinary stimuli from one male and then later tested 
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with that same male. One potential experiment to address this issue would be to collect 
bedding and urine samples from sexually experienced, singly housed males and then pre-
expose estrous females to the chemosensory stimuli associated with the specific male 
they were later tested with in mating tests.  
After sexual experience, males were individually housed prior to all experiments. 
This was done because male mice are extremely aggressive after sexual experience and 
would fight if group-housed with other males. Group-housed male mice, however, form 
social dominance hierarchies which could potentially alter the profile of molecules 
secreted in their urine. Female mice prefer to approach dominant compared to 
subordinate males (Mossman and Drickamer, 1996). The removal of a dominant male 
from one of these groups resulted in a rapid reorganization of the social group, with 
another male quickly becoming the new dominant male and showing elevated levels of 
plasma testosterone and aggression compared to the remaining subordinate males 
(Williamson et al., 2017b). Additionally, subordinate mice housed in larger groups where 
the dominant male is especially aggressive show lower levels of circulating testosterone 
and higher levels of corticosterone then the dominant male. Males that are paired in 
groups of two form social dominance hierarchies but in this situation the dominant male 
has higher levels of circulating corticosterone (Williamson et al., 2017a). The results of 
these studies indicate that housing conditions and the composition of social groups could 
alter the profile of pheromonal molecules secreted by males into their urine. The urinary 
profile of the samples collected for the priming experiments could have differed 
compared to the chemosensory cues emitted from the males at the time of the mating 
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tests. This potential difference may have confounded the LQ results. To test if pre-
exposure to urinary stimuli from dominant vs subordinate males would  accelerate the 
expression of lordosis, the social hierarchy of group–housed, sexually naïve males could 
be determined and urinary stimuli collected from individual males. Females could then be 
pre-exposed specifically with samples from dominant or subordinate males prior to 
mating test. One hypothesis would be that because female mice prefer to approach 
dominant vs subordinate males, that pre-exposure to dominate male pheromones might 
increase females subsequent interest in a stud male and accelerate the progressive 
increase in receptivity compared to pre-exposure to pheromone cues from a less preferred 
source of odors (a subordinate male).  
Future Directions 
Ovariectomized estrous female mice that have been treated with ovarian 
hormones initially show low levels of lordosis but show a progressive improvement in 
this behavior over repeated testing. This progressive increase occurs in female mice that 
have been bred on-site (Bonthuis et al., 2011; Laroche et al., 2009a) or  that have been 
shipped and exposed to stress during the prepubertal period (Laroche et al., 2009b). This 
suggests that the progressive increase in receptivity studied in this thesis is not an artifact 
of early life stressors that our animals may have experienced during shipping prior to the 
start of experiments. However, other rodent species like rats and hamsters, that have also 
been ovariectomized and treated with ovarian hormones show high levels of copulatory 
behavior during the first test with a stimulus male (Blaustein and Erskine, 2002). The 
potential importance of the progressive increase in receptive behavior for reproductive 
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success in mice or whether this behavioral progression is shown in ovary-intact female 
mice is unknown. One potential experiment to investigate this question, would be to pair 
ovary-intact cycling females on the day of estrous with a stimulus male to record LQ. The 
reproductive success of each female as measured by the amount of interaction that results 
in successful pregnancy as well as litter size could also be determined. It is possible that 
naturally cycling females show high levels of copulatory behavior in initial testing, and 
that the prolonged period without ovarian hormones in ovariectomized female mice 
contributes to the initial low level of receptivity. It is also possible that ovary-intact 
estrous female mice are initially not receptive to male mounts and that both LQ and 
reproductive success rates increase as females become more sexually experienced. The 
timing and dosage of EB and P priming used in this mouse study, and others, may also 
not be the optimal dosage to produce full blown receptive behavior during the first 
interaction with the male. The dosages of ovarian hormones used in this thesis were 
based on previous studies (Bonthuis et al., 2011) and consisted of a s.c. injection of EB 
(0.5 µg in 0.05 ml sesame oil) 2 days before a s.c. injection of P (830 µg in 0.05 ml 
sesame oil). P injections were given 3-6 hours before the start of testing. Previous studies 
have shown that the timing of EB and P administration is critical. An early study by Ring 
(1944) found that sequential treatment with EB followed 2 days later by a P injection was 
necessary for successful mating in ovariectomized females (as measured by the presence 
of a seminal plug after overnight pairing with a male) (Ring, 1944). EB treatment alone 
did not facilitate the expression of lordosis in ovariectomized female subjects, but EB 
treatment followed by P treatment 48hrs later greatly enhanced the expression of lordosis 
		
157 
in ovariectomized female mice (Edwards, 1970). The paper by Edwards (1970) found 
lordosis in sexually experienced females was enhanced with injections of 0.5µg EB 2 to 3 
days prior to 500µg P injections (7 hours prior to testing). This paper also showed that 
females injected with higher dosages of EB (1µg and 10µg) paired with P showed even 
higher LQs. It is possible that using different dosages of EB and P might better mimic the 
normal levels of circulating hormones in ovary intact animals and facilitate higher LQ 
levels in the first test with a stimulus male. 
While exposure to ESP1 enhances the expression of lordosis in female mice, the 
effect of the putative male pheromone Darcin, which enhances the motivation to 
approach and investigate urinary cues, is currently unknown. Darcin is a MUP found in 
male urine that increased the attractiveness of male urine to female mice (Roberts et al., 
2010). In females, exposure to this major urinary protein (MUP) alone, in the absence of 
other scent or urinary cues, is sufficient to induced a conditioned place preference 
(Roberts et al., 2012) and after 7 days of repeated exposure is also sufficient to induce 
neurogenesis in both the dentate gyrus (DG) and the sub-ventricular zone (SVZ) 
(Hoffman et al., 2015). One possible experiment to determine the role of this MUP in the 
expression of lordosis would be to pre-expose sexually naïve estrous females to 
recombinant Darcin and then pair them with a stimulus male and record the LQ compared 
to females that have been pre-exposed to clean bedding. If Darcin also plays a role in the 
regulation of female receptivity, then the LQ of sexually naïve females pre-exposed to 
Darcin should be higher than the LQ expressed by females pre-exposed to clean bedding.  
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OPTOGENETIC SILENCING OF AOB M/T CELLS DECREASED LORDOSIS 
IN SEXUALLY EXPERIENCED FEMALE MICE 
 Continuous functioning of AOB mitral cells is required for the expression of 
lordosis in sexually experienced female mice. This conclusion is based on my 
observation that optogenetic silencing of AOB mitral cells, the projection neurons from 
the AOB that carry pheromonal information to forebrain targets regulating female 
reproduction, decreased the expression of lordosis selectively in tests where green laser 
light was applied to activate the ArchT opsin compared to tests where laser stimulation 
was not applied (McCarthy et al., 2017).  The results of this experiment extend the results 
of previous studies where damage to brain regions in the AOS decreased receptive 
behavior in sexually naive estrous female mice (DiBenedictis et al., 2012; Keller et al., 
2006b; Martel and Baum, 2009a). Damage to the AOS also disrupts receptive behavior in 
females of other species including hamsters (Mackay-Sim and Rose, 1986) and rats 
(Guarraci et al., 2004; Kondo and Sakuma, 2005).  
 In my experiment ArchT-induced silencing of AOB mitral cells was carried out 
by the application of a constant green laser over the AOB of sexually experienced 
females during the entire interaction with the male. It would be interesting to determine 
the impact of ArchT-induced silencing of AOB mitral cells on receptivity if cells were 
silenced at different points during the mating sequence, for example during the initial 
period of close nasal investigation in a test or during the reception of a mount. During a 
single mating test, females might show lower receptivity during periods of the test when 
AOB mitral cells were silenced compared to periods when optogenetic inhibition of the 
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AOB was removed. Research in protocadherin-21 (Pcdh21-Cre) males infected with 
ChR2 showed that optogenetic activation of AOB mitral cells increased the percentage of 
mounts with intromission during periods of time when blue laser induced optogenetic 
activation was paired with the male investigating or mounting the female compared to 
periods of time in the same test when the blue laser was absent or when the blue laser was 
randomly applied and not paired with a specific behavior (Kunkhyen et al., 2017). It is 
currently unknown whether female receptivity would be altered by such optogenetic 
manipulations. In future studies, AOB mitral cell activity could be enhanced by activating 
mitral cells in the AOB of Pcdh21-Cre females infected with ChR2 at different time 
points in the mating sequence (i.e. during investigation of the male or when receiving a 
mount from a male). It would be possible to learn from these experiments if AOB mitral 
cell signaling is required continuously throughout a single mating interaction to facilitate 
lordosis or if input from these mitral cells is only required during proceptive behavior 
(investigation prior to the instigation of mating).  
 In the experiments presented in Chapter 3 of this thesis, ArchT-induced silencing 
of AOB mitral cells had no effect on females’ investigation of non-volatile opposite sex 
chemosensory (urinary) cues. The original hypothesis was that ArchT-induced silencing 
of AOB mitral cells would reduce the preference to investigate male urinary cues in 
estrous female mice. This hypothesis was based on the results of multiple previous 
studies that looked at the role of the AOS in the motivation of estrous female mice to 
approach and investigate testis-intact male urinary cues. In female mice, surgical removal 
of the VNO or electrolytic lesions to the AOB decreased the preference to investigate 
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non-volatile male chemosensory cues (Keller et al., 2006b; Martel and Baum, 2009a; 
Martinez-Ricos et al., 2008). Electrolytic lesions to the Me also decreased the preference 
of females to investigate testis-intact male urinary chemosensory cues compared to 
castrated male urinary cues (DiBenedictis et al., 2012).  
During tests for chemosensory odor preference, estrous female mice in a custom 
built Arduino odor preference box consistently showed a preference for male 
chemosensory cues during the first test but showed less reliable preferences with repeated 
testing.  Studies in male mice using this same Arduino testing box showed a much more 
consistent opposite sex chemosensory preference over repeated tests (Kunkhyen et al., 
2017).  Previous studies that tested female chemosensory preference were carried out in 
estrous female mice that were singly housed and were tested in their home cage 
(DiBenedictis et al., 2012; Keller et al., 2006b; Martel and Baum, 2009a). This creates a 
more familiar environment for the test to take place and could potentially increase 
investigation directed towards novel odors in a familiar environment. Even with 
habituation to the testing cage, subjects were removed from a familiar environment in the 
experiments presented in this thesis, and the novelty of the testing cage itself could have 
altered nose poking behavior to investigate the cues presented. A study by Martinez-
Ricos et al. (2008) tested females’ preference for testis-intact male soiled bedding 
compared to castrated male soiled bedding presented in dishes in a separate testing cage 
then the home cage. Females were habituated in that study to the test cage for 10 minutes 
on 4 consecutive days before testing. It is possible that repeated exposure to the test cage 
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prior to chemosensory preference tests could have produced a more consistent male-
directed preference in females that are tested in the Arduino testing box.  
Future Directions 
Future studies could look at the effect of optogenetically manipulating the activity 
of AOB mitral cells (either increasing activity with channelrhodopsin-2 (ChR2) or 
decreasing activity with archeorhodopsin (ArchT)) during the initial 2-minute period of 
mating tests in sexually naïve females when the highest levels of close investigation 
directed towards the male occur to determine if the expression of lordosis is altered. 
During mating interactions, the levels of close nasal investigation of the body of the 
stimulus male also decreased dramatically after the initiation of mating in a single mating 
test. It is possible that the activity of the AOS is no longer as critical to the expression of 
lordosis after the reception of mounts. Manipulating the activity of mitral cells prior to 
the initiation of mounting or after a series of mounting events would allow researchers to 
determine when in the timing of the mating sequence activity from the AOS is necessary. 
In Chapter 3 of this thesis, ArchT was used to specifically silence AOB mitral cells firing 
during the entire interaction with the male and resulted in a decrease in LQ compared to 
mating tests in the absence of ArchT-induced AOB silencing. Expanding this study to 
look at the impact of altering AOB mitral cell activity at different time points in the 
mating sequence would increase our understanding of the role of the AOS in the initiation 
and maintenance of female reproductive behavior in mice. This type of manipulation 
would not be possible using traditional (permanent) brain lesion techniques. 
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It was estimated that only 2-4% of AOB mitral cells were infected with the 
inhibitory opsin ArchT. Infected neurons were found throughout the AOB, in both the 
anterior and posterior regions. These regions receive differential projections from VNO 
sensory neurons. The anterior AOB receives projections from sensory neurons in the 
apical VNO that express V1Rs, while posterior AOB receives projections from the basal 
VNO which expresses V2Rs (Jia and Halpern, 1996). The different classes of 
vomeronasal sensory neurons respond to different types of chemosensory cues. For 
example, V2Rs respond to ESP1 (Haga et al., 2010), while V1Rs respond to sulfated 
estrogens (Haga-Yamanaka et al., 2014). The effect of specifically modulating sensory 
neurons that express different receptor types or the AOB mitral cells that receive synaptic 
input from these different sensory neurons on female reproductive behavior is unknown. 
One potential experiment would be to systematically modulate the extent of ArchT 
infection by attempting to limit the spread of ArchT to either the anterior or posterior 
AOB in Pcdh21-Cre females or by using transgenic animal models that express Cre-
recombinase in sensory neurons that express either V1Rs or V2Rs (these types of 
transgenic animals have not yet been developed).  The effect of optogenetically activating 
these neurons with ChR2 or inhibiting them with ArchT could then be explored. These 
experiments could be carried out in sexually experienced or naïve females to determine if 
different populations of AOB mitral cells are more important for the ongoing expression 
of receptivity or in the progressive increase in female receptivity with repeated testing, 
respectively. 
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DREADD-INDUCED SILENCING OF THE ME DECREASED THE 
PREFERENCE FOR OPPOSITE-SEX NON-VOLATILE CHEMOSENSORY 
CUES 
CNO-induced silencing of Me neurons decreased the preference of DREADD-
infected estrous female mice to investigate opposite-sex urinary odors when nasal contact 
with the stimulus was allowed, but not when females were only able to sample the 
volatile components of male urine. These results confirm that findings of previous studies 
where surgical removal of the VNO or electrolytic lesions the AOB reduced non-volatile 
opposite sex urinary odor preference while the preference for male vs female urinary 
volatiles remained intact (Keller et al., 2006b; Martel and Baum, 2009a). By taking 
advantage of the acute and reversible nature of DREADD-induced neuronal silencing we 
were able to show that preference for non-volatile male urinary cues was disrupted when 
DREADD-infected subjects were treated with CNO whereas the same subjects showed a 
strong preference to investigate male urine 4 days later when treated with saline. This 
type of comparison would not be possible using traditional lesion techniques. These 
results indicate that ongoing function of the Me is required for estrous females to show a 
preference for non-volatile male pheromones.   
It is possible however that the lack of preference for non-volatile male urinary 
odors compared to female urinary odors in DREADD-infected mice treated with CNO 
was caused by CNO treatment interfering with the ability of female subjects to 
discriminate between male and female odors. One further control experiment that could 
be done to determine if DREADD infected females are able to discriminate between male 
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and female non-volatile urinary odors when treated with CNO would be to test the 
subjects in a habituation-dishabituation test after treatment with saline compared to CNO. 
This type of behavioral test has been used previously after experimental manipulations to 
the olfactory system to determine if rodents are able to detect a difference between 
different chemosensory cues (Baum and Keverne, 2002; DiBenedictis et al., 2012; 
DiBenedictis et al., 2015; Korzan et al., 2013; Kunkhyen et al., 2017; Maras and Petrulis, 
2010; Martel and Baum, 2009a). In this behavioral test, mice are presented repeatedly 
with a single urinary odor (during which time they normally investigate each presentation 
of the repeated odor for progressively less time) and then mice are presented with a new 
urinary odor. If mice are able to discriminate between the two urinary odors, then the 
subjects would show increased investigation of the new odor. Estrous female mice with 
electrolytic lesions of the Me are able to detect intact male urine after repeated 
presentations of castrated male urine (DiBenedictis et al., 2012). The results of this 
previous study indicate that female mice are able to detect testis-intact male urine even 
after extensive damage to the Me with electrolytic lesions.  It seems unlikely then that the 
relatively smaller population of neurons in the Me silenced by DREADD infection and 
CNO treatment in the current study would have impaired females’ odor discrimination 
capacity. 
Future Directions 
To further explore the role of ongoing function of the Me in the preference of 
female mice to seek out non-volatile male chemosignals, females’ preference for isolated 
non-volatile components of male urinary or exocrine secretions could be studied. It is 
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unknown if the Me is specifically required for the motivation to approach all non-volatile 
components of male secretions or if only the preference for specific compounds requires 
the Me. A variety of compounds could be tested that are known to cause changes to either 
perceptive or receptive behaviors in females after exposure. It is possible that molecules 
linked to different behaviors could be more or less dependent on Me function to maintain 
preference in female mice. For example, the effect of Me silencing on preference for 
compounds linked more to proceptive behaviors, like darcin, hexadecanol and hexadecyl 
acetate that increase the attractiveness of male odor cues to females (Roberts et al., 2012; 
Roberts et al., 2010; Zhang et al., 2008) could be different then the effect of silencing 
neurons in the Me on the preference for compounds linked to receptive behavior, like 
ESP1 (Haga et al., 2010; Kimoto et al., 2005).  Recently four MUPs in addition to Darcin 
were isolated from male urine that activate VSNs and induce scent marking behavior in 
male mice (Kaur et al., 2014). These MUPs when pooled also activate VSNs in female 
mice, and VSN activation in response to these MUPs is modulated by  ovarian hormones 
(Dey et al., 2015). Preference to investigate these MUPs was also regulated ovarian 
hormones, although their role in female receptive and proceptive behavior is unknown. 
Testing the preference to investigate these MUPs in the presence or absence of Me 
signaling could help to shed light on how these MUPs are processed by the accessory 
olfactory system to potentially control female sexual behavior.   
 
 
		
166 
DREADD-INDUCED SILENCING OF THE ME ATTENUATED RECEPTIVE 
BEHAVIOR 
 DREADD-induced silencing of neurons in the Me attenuated the progressive 
increase normally observed in sexually naïve estrous female mice when repeatedly tested 
with a stimulus male. This behavioral phenotype has been observed in multiple studies of 
estrous female mouse receptive behavior (Blaustein and Ismail, 2013; Bonthuis et al., 
2011; Ismail et al., 2011; Laroche et al., 2009a, b; McCarthy et al., 2017; Thompson and 
Edwards, 1971). The results of the experiments in this thesis for the first time show that 
proper function and integration of chemosensory cues in the Me plays a role in this 
progressive increase in female receptivity. These results also confirm that function of the 
AOS in female mice is critical for the production of receptive behavior (DiBenedictis et 
al., 2012; Keller et al., 2006b; Martel and Baum, 2009a).  
After repeated pairings with a stimulus male, estrous female mice in both the 
CNO (clozapine-N-oxide; which silences neurons infected with Designer Receptors 
Exclusively Activated by Designer Drugs or DREADDs) and saline treatment groups 
were tested again with the drug treatments switched. Females that had been treated with 
CNO for 5 consecutive tests were switched to saline and those originally tested with 
saline were switched to CNO. On this test, there was not a significant change in LQ in 
either group. This outcome suggests that after repeated sexual experience the integration 
of olfactory cues though the Me may not be as critical for the expression of lordosis as it 
is in sexually naïve female mice. Studies in sexually experienced rats have shown that 
Me lesions  did not alter the expression of lordosis (Guarraci et al., 2004). This study 
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compared pre-lesion and post-lesion levels of lordosis in the same rats. It is also possible 
that the DREADD manipulation used in this thesis, which did not infect all the neurons in 
the Me, did not silence a large enough population of neurons to reduce the expression of 
lordosis in highly sexually experienced female mice. It was estimated that 20% of 
neurons in the region of the Me around the center of the DREADD injections were 
infected with the inhibitory DREADD. A straight forward experiment to confirm the 
findings of this experiment would be to bilaterally lesion the Me of female mice after 
they have been tested repeatedly with a stimulus male to determine if the expression of 
lordosis remains high even after more extensive damage to the Me with an electrolytic 
lesion.  
Future Directions 
Previous research has shown that treatment of sexually naïve estrous female mice 
with a histone deacetylase inhibitor proposed to increase neural ER or PR expression 
augmented lordosis behavior with repeated testing (Bonthuis et al., 2011). In that 
previous study, females systemically treated with the histone deacetylase inhibitor, 
sodium butyrate (SB), showed an augmented increase in LQ compared to the control 
group. This study also found that treatment with SB required priming with EB to be 
effective and that SB treatment had no effect on LQ in ERα knockout animals (Bonthuis 
et al., 2011). These results indicate that mating-induced increases in ovarian hormone 
receptor expression could be mediating the progressive increase in LQ observed in 
female mice. However, it is unknown whether hormone receptor expression in the Me  is 
important for regulating this behavior. There is some evidence in female rats that 
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specifically blocking ERαs in the Me has no effect on the expression of lordosis (Snoeren 
et al., 2015).  However,  the role of ERs in the female mouse Me, in particular in the 
progressive increase in receptivity (which is not displayed by female rats), has not been 
studied. One way to test this hypothesis would be to determine whether DREADD 
infected females treated with CNO during the initial mating tests (which show low levels 
of receptivity) expressed lower levels of ovarian hormone receptors (e.g., ER and PR) in 
brain regions involved in reproduction than groups treated with saline. This might be 
because the DREADD viral construct used in this thesis somehow infected more ER or 
PR expressing neurons (the phenotype of the DREADD infected neurons is unknown) 
and directly inhibited their function. Alternatively, CNO acted in DREADD-infected 
females by targeting other non-steroid receptor expressing Me neurons that otherwise 
provided synaptic inputs to upregulate steroid hormone receptor expression in abutting 
neurons.  
One potential future experiment could be to determine if there are differences in 
ER or PR expression in the Me between DREADD infected animals treated with CNO vs 
saline after repeated testing with a stimulus male. Receptor expression could be 
quantified in different regions using either immunohistochemistry (IHC) or real-time 
polymerase chain reaction (RT-PCR) analysis using mRNA samples isolated from the 
Me and other brain regions. IHC staining (Greco et al., 2003) and RT-PCR (Murakami et 
al., 2011; Perea-Rodriguez et al., 2015) have been used successfully in previous studies 
to quantify differences in steroid hormone receptor expression across brain regions after 
exposure to different social stimuli. An upregulation of ovarian steroid hormone receptors 
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in the saline-treated group compared to the CNO-treated group would confirm that these 
receptors are playing a role in the progressive increase in female receptivity and implicate 
Me function in the regulation of the expression of these receptors during female 
copulatory behavior.   
When using an inhibitory optogenetic technique to silence AOB mitral cells in 
sexually experienced estrous female mice, LQs were significantly reduced during green 
laser stimulation (McCarthy et al., 2017). However, with DREADD-induced silencing of 
infected neurons in the Me, CNO treatment did not decrease LQ in sexually experienced 
females after repeated testing. While the majority of AOB mitral cells project to the Me, 
there are also projections from the AOB that go to the BNST and the posteromedial 
cortical amygdala (PMCO) (Kevetter and Winans, 1981a; Scalia and Winans, 1975).  The 
BNST itself sends projections to many different forebrain regions, including the ventral 
tegmental area (VTA) which is a critical component of the mesocorticolimbic dopamine 
system responsible for the rewarding and motivational aspects of many social behaviors 
in rodents (Kudo et al., 2012). The BNST also has been implicated in proceptive 
behaviors in hamsters. Female hamsters with bilateral lesions to the BNST showed 
decreased levels of vaginal scent marking and investigation of male chemosensory cues 
(Martinez and Petrulis, 2011). In sexually naive male hamsters, lesions to the BNST 
impaired investigation of opposite sex chemosensory cues and slowed down the 
copulatory sequence (timing of mounts, intromissions and ejaculations) compared to 
sexually experienced males (Been and Petrulis, 2010). The role of the BNST in female 
mouse receptive and proceptive behavior is currently unknown and requires further 
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investigation. One potential study to investigate the role of the BNST in the reproductive 
behaviors of sexually naïve and experienced estrous female mice would be to bilaterally 
infect the BNST with an inhibitory DREADD and look at the impact on opposite sex 
chemosensory preference and lordosis behavior compared to non-infected females in the 
presence or absence of CNO. 
The DREADD infections of the Me in this thesis were targeted to the border 
between the anterior Me (MeA) and the posterior Me (MeP), and infected neurons were 
later found to be present in both the MeA and the MeP. Additionally, the DREADD viral 
vector used to infect the Me was able to non-specifically infect any neuron present in the 
Me. Different subregions of the Me express varying amounts of steroid hormone 
receptors (Coolen and Wood, 1998; Maras and Petrulis, 2010), receive different amounts 
of olfactory input from the MOS and AOS (Cadiz-Moretti et al., 2016; Kang et al., 
2011a), and project to different downstream target regions (Choi et al., 2005; 
DiBenedictis et al., 2014; Pardo-Bellver et al., 2012). Electrolytic lesions of either the 
MeA or MeP in sexually naïve female mice decreased the expression of lordosis 
(DiBenedictis et al., 2012), which indicates that both regions of the Me are important for 
the expression of this behavior. However, the specific neurochemical phenotypes of 
neurons in the Me involved in regulating lordosis in female mice are unknown.  
To further elucidate the role of the Me in the progressive increase in LQ in female 
mice, it would be necessary to identify populations of neurons in the Me that are involved 
in the regulation of this behavior. Once populations of neurons have been identified, Cre-
transgenic mice could be used to target viral vectors with either excitatory or inhibitory 
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opsins or DREADDs to these neurons prior to conducting functional experiments in 
awake behaving mice. Identifying these neurons could be accomplished by taking 
advantage of a transgenic Fos-GFP line of mice (Kim et al., 2015; Reijmers et al., 2007). 
Researchers have previously used these animals to create a large scale brain map of Fos 
expression in areas throughout the main olfactory system (MOS) and AOS after male 
mice were briefly exposed to male or female mice (Kim et al., 2015). Estrous female 
mice could be paired with a stimulus male and then perfused after mating tests. Brain 
sections from Fos-GFP+ mice could undergo IHC staining for a variety of antibodies, 
including those for ERα or estradiol receptor-beta (ERβ). There is evidence from studies 
in female rats that infusion of agonists for either ERα or ERβ into the lateral ventricles 
increased the expression of lordosis (Dominguez-Ordonez et al., 2016) and that the 
reception of mounts with intromissions caused an increase in Fos-co-expression with 
ERα+ or ERβ+ cells in the Me (Greco et al., 2003). While studies have shown that ERα 
might play a role in the progressive increase in female mouse receptivity (Bonthuis et al., 
2011; Ismail et al., 2011), it is not known whether there is any contribution of ERα or 
ERβ in the Me to this function. Additional antibodies could be used to detect PR 
expression or vesicular glutamate transporters (VGLUTs; which are present in neurons 
that express the excitatory neurotransmitter glutamate) or markers for neurons that 
express inhibitory neurotransmitters like glutamate decarboxylase 67 (GAD67; which is 
present in neurons that express the inhibitory neurotransmitter GABA) to determine 
which neurons are activated during social interactions with the male. Once the identity of 
the neuronal populations activated in the Me (or in other brain regions) during mating 
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behavior is known, these populations could be specifically targeted using a combination 
of optogenetic or DREADD-expressing viral vectors and Cre recombinase transgenic 
mice to determine the role of these populations of Me neurons in female receptivity. The 
experiment to determine the receptors and neurotransmitters expressed by the neurons 
involved in female receptivity in the Me could also be carried out in non-transgenic mice 
by performing a double labeling IHC experiment and staining with antibodies for both 
Fos and the neuronal markers of interest. 
Another potential future experiment would be to optogenetically silence or 
activate projections from the Me to other forebrain regions during mating tests to 
determine the role of these projections in the progressive increase in receptivity in female 
mice with repeated testing. The Me sends projections to multiple different regions 
involved in the regulation of reproductive behavior in rodents, including the BNST, the 
MPA and the VMHvl (Choi et al., 2005; DiBenedictis et al., 2014; Pardo-Bellver et al., 
2012). Injection of an adenoassociated virus (AAV) into the Me would infect both the 
cell bodies in the Me but also the axonal projections to different forebrain regions. Laser 
light could then be applied selectively over the BNST, the MPA or the VMHvl to activate 
the opsins in the axonal projections to these regions specifically from the Me during 
consecutive mating tests in sexually naïve estrous female mice to dissect out the neural 
circuits involved in regulating female reproductive behavior. This experiment could also 
be repeated in sexually experienced females to determine if ongoing input from the Me to 
these regions is important for receptivity, even after sexual experience. This could be 
accomplished with a non-specific AAV that infects all neurons in the Me and their 
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projections. Alternatively, a more targeted AAV could be used once more is known about 
the genotypes of mating-activated neurons in the Me.  
For example, with this experimental set-up it would be possible to determine 
whether projections from the Me to the VMHvl are critical to the expression of lordosis 
in female mice.  Disruption of the function of the VMHvl itself reduced the expression of 
receptive behavior in many species including mice, rats and ferrets (Musatov et al., 2006; 
Pfaff and Sakuma, 1979; Robarts and Baum, 2007). Studies  in male mice showed that 
neurons that project from the Me to the VMHvl are activated by exposure to opposite sex 
chemosensory cues (Choi et al., 2005). Optogenetic manipulations of ERα expressing 
neurons within the VMHvl in male mice promoted both attack behaviors and mounting 
behavior depending on the level of laser stimulation provided, compared to the 
optogenetic stimulation in females which promoted some mounting behavior but no 
attack behavior (Lee et al., 2014). Optogenetically manipulating the projection neurons 
from the Me to the VMHvl would determine the role of these specific projections in the 
lordosis reflex. If it is found that projections from the Me to certain brain regions are 
more critical than others to female reproductive behavior, AAVs that carry light-sensitive 
opsins could be targeted to these regions (or to specific neuron populations with in these 
regions) to determine if manipulating (either activating or inhibiting) the cell bodies in 
these regions augments or inhibits the progressive increase in females’ receptivity 
normally observed with repeated mating tests with a male.  
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CONCLUSION 
 The experiments presented in this thesis provide new insight into the role of the 
AOS in the motivation of estrous female mice to approach and investigate chemosensory 
cues from male conspecifics and in the expression of receptive mating behavior. These 
experiments have highlighted the importance of the continuous, ongoing function of the 
AOB in the expression of lordosis in sexually experienced females and also the role of 
the Me in both the preference for non-volatile opposite-sex chemosensory cues and in the 
changes in receptive behavior that occur in female mice after repeated pairings with a 
stimulus male. These studies have also shown that while the processing of olfactory cues 
is necessary for production of the lordosis reflex in estrous female mice, exposure to 
these cues alone in the absence of other tactile and sensory stimuli provided by the male 
is not sufficient to increase the display of lordosis. The combined use of natural 
chemosensory stimuli and inhibitory optogenetic as well inhibitory pharmacogenetic 
techniques have extended our understanding of the interplay between olfactory system 
function and the production of copulatory behaviors in estrous female mice. 
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